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Abstract 
 

 
STUDY OF TROPICAL DEEP CONVECTIVE PROCESSES AND WATER VAPOR 

VARIATIONS USING NASA A-TRAIN DATA AND GEOSTATIONARY SATELLITE 
OBSERVATIONS 

  
 

by 
 

Hanii Takahashi 
 
 
Adviser: Professor Zhengzhao “Johnny” Luo 
 
  
 

The theme of this dissertation is to use various satellite observations to seek new insights 

into our understating of tropical deep convective processes and water vapor variations. Three 

subjects are investigated: 1) observational determination of level of neutral buoyancy (LNB) for 

deep convection, 2) characters and life stage view of tropical overshooting convection (OSC), 

and 3) variations of water vapor and clouds during East Pacific (EP)- and Central Pacific (CP)-El 

Niños.  

The first study conducts a near-global survey of LNB for tropical deep convection using 

CloudSat (LNB_observation) and makes comparison with the corresponding LNB based on the 

parcel theory using ambient sounding (LNB_sounding). The principal findings are as follows: 

First, although LNB_sounding provides a reasonable upper bound for convective development, 

ambient sounding contains limited information for predicting the actual LNB. Second, 

LNB_sounding significantly overestimates the “destination” height level of the detrained mass. 

Third, LNB_observation is consistently higher over land than over ocean, although 

LNB_sounding is similar between land and ocean, suggesting some fundamental differences 

between land and ocean convection. 
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The second study uses CloudSat data together with ISCCP CT to study tropical OSC 

properties and the convective systems in which they are embedded. Our results find that, nearly 

21 % of tropical deep convection is overshooting; the occurrence frequency is only slightly 

higher over land (~ 50.2 %) than over ocean (~ 49.8 %). Various proxies of convective strength 

are analyzed showing consistently that continental OSC is stronger than the oceanic counterpart. 

Moreover, majority (2/3) of the OSC occurs during the growing stage of the convective systems. 

About 1/3 occurs during the mature stage, which are more abundant over land during noontime.  

The third study shows that EP- and CP-El Niño events produce different patterns of water 

vapor and cloud anomalies over the tropical ocean. Regression of water vapor anomalies onto the 

Niño-3.4 sea surface temperature shows a clear “upper tropospheric amplification” of the 

fractional water vapor change. Furthermore, water vapor and cloud anomalies in different 

circulation regimes are examined. Finally, Geophysical Fluid Dynamics Laboratory AM2.1 

model simulations of water vapor and clouds are compared with the satellite observations.  
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Chapter 1 

Introduction 

 

1.1. Background and review 

It has been half a century since the “hot tower” hypothesis, originally proposed by Riehl 

and Malkus (1958), stated that the “undiluted cloud towers” over the “equatorial trough zone” 

were capable of transporting heat from the planetary boundary layer (PBL) to the upper 

troposphere (UT). From a historic perspective, “hot tower” concept came about as a by-product 

of the study of heat balance in the equatorial trough zone, where excess latent heat is transported 

equatorward (in the opposite direction of general heat transport) by the lower-level trades, and 

then changes to sensible heat and potential energy during ascent. Riehl and Malkus (1958) found 

that the moist static energy (MSE ≡ CpT + gz + Lvq, where Cp, T, g, z, Lv, and q are specific heat 

of dry air, temperature, gravitational acceleration, height, latent heat of condensation, and 

specific humidity, respectively) decreases with height until 600–500 hPa and then increases 

above 400 hPa in the equatorial zone. Therefore, it is impossible to transport energy upward 

through mean vertical motion because air will travel counter-gradient to MSE from 400 hPa up 

and will become negatively buoyant. To solve this, Riehl and Malkus (1958) proposed the hot 

tower concept that convective “tubes” or “express elevators” (instead of large-scale air motion) 

pump energy upward. They further estimated that about 1500–2500 active cumulonimbus hot 

towers having undiluted updraft of 2–4 m/s and a diameter of 2–4 km are needed in the tropical 

trough region in order to meet energy balance requirements (Riehl and Malkus 1958; Fierro et 

al., 2009). Although the first weather satellites launched showed that mesoscale organization of 

convection is abundant in the equatorial trough zone, there was only one ideal model of a hot 
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tower, that of a “skinny undiluted tower,” in the 1960s. The Global Atmospheric Research 

Program Atlantic Tropical Experiment (GATE) and the Monsoon Experiment (MONEX) were 

carried out in the 1970s to investigate hot towers using precipitation radar, instrumented aircraft, 

and radiosondes (Houze, 2003). Gradually, it has been established that hot towers can exist in 

many forms: some are isolated “skinny chimneys” but most others are embedded in larger-scale 

convective systems called mesoscale-convective systems or MCSs (Tao et al., 2003, Houze 

2003).  

The concept of “skinny undiluted towers” prevailed through the 1970s. Using new data, 

Riehl and Simpson (1979) reanalyzed the concept of vertical energy transported by undiluted hot 

towers and concluded that the results largely agreed with the Riehl and Malkus (1958) study. 

However, more recent results from aircraft and satellite observations and model simulations do 

not support the existence of such undiluted updraft cores; convection interacts with the 

environment in complicated ways in real world and thus dilution from the environment through 

entrainment seems to be ubiquitous (Zipser, 2003; Houze, 2003; Fierro et al., 2009). Therefore, 

recent studies suggest a slight modification of the original definition of hot tower by allowing 

some dilution from the environment as long as convection can reach near the UT outflow layer 

(~12km), fulfilling the purpose of transporting energy from the PBL to the UT (Fierro et al., 

2009). Although this subject has been studied for more than 50 years, many of the details still 

remain elusive. The main purpose of this thesis is to elucidate some of the details pertaining to 

tropical deep convection using a host of satellite observations. 
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1.2. Motivation 

Tropical overshooting convection (OSC) has received a great deal of attention, in part 

because of its potential to have a high occurrence of hot towers, which force clouds to continue 

to ascend, even after losing buoyancy (i.e., after passing the level of neutral buoyancy or LNB). 

Overshooting tops are able to penetrate into or even beyond the tropical tropopause layer (TTL ~ 

14–18.5 [km]), where they act as a “gate to the stratosphere” for atmospheric tracers penetrative 

(Fueglistaler et al., 2009). A single occurrence of OSC has more influence on the water content, 

chemical composition, and thermodynamics of UT/LS (lower stratosphere) than frequently 

occurring non-convective slow ascents (Küpper et al., 2004; Kuang and Bretherton, 2004). It is 

known that moisture distributions within the tropical UT and LS are highly controlled by OSC 

(Danielsen, 1982; Sherwood and Dessler, 2000; Sherwood et al., 2003; Kuang and Bretherton, 

2004). However, the location and rate of convective mass outflow in the TTL and LS are 

currently not well known (Fueglistaler et al., 2009), leading to difficulty in understanding the 

exact role OSC plays in controlling UT/LS moisture budgets. In fact, the question of whether 

OSC rehydrates (Corti et al., 2008; Khaykin et al., 2009) or dehydrates (Danielsen, 1993; 

Sherwood and Dessler, 2000; Holton and Gettelman, 2001) the TTL has been highly debated. A 

few studies have reported that both hydration and dehydration occur under different 

circumstances (Jensen et al., 2007; Hassim and Lane, 2010). Several adaptive scenarios have 

been proposed to explain the variation of UT/LS moisture budgets by OSC, but the definitive 

evidence needed to corroborate these two hypotheses has been lacking. Global surveys of cloud 

properties associated with OSC are also still rather incomplete.  

Traditionally, satellite studies of convection have been conducted through birds-eye 

views of cloud tops based on passive sensors (e.g., infrared radiation (IR) satellite). Now, recent 



	
   4	
  

launches of active sensors (such as TRMM precipitation radar in November 1997 and CloudSat 

in April 2006) provide us with new information, namely a detailed vertical cross-sectional view 

of convection. In this regard, we have an opportunity to study tropical deep convection from a 

new perspective. Moreover, water vapor is considered as an important component of the 

atmosphere, which interacts closely with convection. Combining data from another set of A-

Train sensors, the Atmospheric Infrared Sounder (AIRS) and the Microwave Limb Sounder 

(MLS), we are able to examine the vertical profiles of atmospheric water vapor, temperature, and 

cloud ice content from surface to UT/LS. The study of water vapor distribution, especially for 

the UT/LS water vapor, will potentially help us better understand the mechanism of OSC. This 

thesis thus capitalized on these new space-borne capabilities to seek new insights into our 

understanding of tropical OSC and water vapor. 

The research detailed in this dissertation has three major challenges. First, the 

temperature profiles inside of clouds are not available from current satellite observations, making 

it hard to directly estimate cloud buoyancy. The most common method of estimating LNB is to 

use parcel theory based on sounding data, which provides a theoretical rather than a directly 

measured value of LNB. We will address this issue in Chapter 2 (see also section 1.3.1). Second, 

information about convective dynamics is similarly not available from remote sensing data. In 

fact, even active sensors such as radar cannot measure vertical velocity, which makes it hard to 

estimate the intensity of tropical deep convection. Airborne measurements may be used to derive 

vertical velocity within OSC. However, such data are limited in space and time, making a global-

scale study close to impossible. So, satellite-based proxies are needed to describe convection 

intensity. Third, most advanced sensors are onboard polar-orbiting satellites that picture OSC as 

static snapshots and do not provide the important information of convective life cycles (e.g., the 
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time dimension), so observations from a time-resolving platforms is needed to interpret the 

snapshots. Our research addresses these three challenges and develops new methods to further 

advance our understanding of tropical OSC through a multi-sensor and multi-platform approach.  

 

1.3. Problems and objectives 

Three research subjects are investigated in this dissertation: 1) observational 

determination of LNB for deep convection and comparison with the prediction based on the 

parcel theory, 2) characters and life stage view of tropical OSC, and 3) vertical distribution of 

water vapor and clouds during two different types of El Niños: East Pacific –and Central Pacific. 

Each of the following sections represents an objective that will be addressed in subsequent 

sections.  

 

1.3.1. Objective 1: Observational determination of LNB from CloudSat 

The LNB is the altitude where the temperature of the air parcel is equal to that of the 

environment. Above the LNB, the temperature of an air parcel becomes colder than its ambient 

air, which causes negative buoyancy and impedes the ascension of the convection to a greater 

altitude. Hence, the LNB is an essential variable needed to study convection since it controls 

convective buoyancy and determines the final fate of convection (e.g., cloud height or the level 

where convection starts to detrain). The most common method of estimating LNB is to use 

parcel theory (Bjerknes, 1938) based on sounding data (LNB_sounding hereafter) since 

temperature profiles inside clouds are not available. Parcel theory describes the simple path of a 

rising air parcel (e.g., an air parcel rises along the dry adiabatic path until it becomes saturated, 

and then follows moist adiabatic path) assuming that there is no air mass interaction between the 
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air parcel and its surrounding environment, and that the pressure of an air parcel is equal to that 

of its surrounding environment at the same altitude (Manzato and Morgan, 2003). However, the 

parcel method is idealized in that it only accounts for the original condition of surface soundings, 

while neglecting the interaction between convection and its surrounding environment (e.g., 

convective entrainment). In reality, convective entrainment affects buoyancy in complicated 

ways and eventually convection finds its own effective LNB, where it emerges as detraining 

masses and developing anvils (LNB_observation hereafter). Therefore, it is remains to be 

determined whether the LNB can be realistically estimated from the parcel theory alone. In fact, 

a case study of the “level of maximum detrainment” (LMD) conducted by Mullendore et al. 

(2009) indicates that there is a gap between the actual detrainment profile in deep convection and 

the LNB from parcel theory.  

LNB is one of several critical parameters needed to select overshooting features since 

OSC is defined as deep convection whose cloud top exceeds the corresponding LNB. 

Verification of the accuracy of LNB_sounding is thus the first important task we have to address. 

The original concept of LNB is therefore reconsidered here by introducing a new method for 

retrieval of LNB_observation directly from satellite remote sensing, namely, CloudSat 

observations.   

In the first half of the analysis in Chapter 2, we make a comparison between 

LNB_observation and the corresponding LNB_sounding to evaluate the efficacy of the 

LNB_sounding for allocating the upper, lower, and maximum mass detrainment levels. 

Additional variables such as the height of deep convective cores, the highest point of the cores, 

convective system size, as well as convective core size are also analyzed and compared over land 

and ocean. In the second half of the analysis, we focus on understanding the difference between 
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the LNB_sounding and the LNB_observation with respect to entrainment rate (the rate of change 

of the mass flux into the plume with height) using an entraining plume model. The mean bulk 

entrainment rates predict the amount of dilution by the surroundings, which adds additional 

information necessary for understanding LNB_observation and land-ocean contrasts. 

 

1.3.2. Objective 2: Tropical overshooting convection from a satellite perspective 

 OSC is usually composed of strong convective updrafts (whose vertical velocity is 

greater than, for example, ~1 m/s), which are organized in a convective region. The stratiform 

region, on the other hand, consists of dissipated older convective cells (whose vertical velocity is 

less than, for example, ~0.5 m/s). From a satellite perspective, it is not a trivial task to separate 

convective updrafts from stratiform regions because satellite measurements of vertical velocity 

are currently not available. IR imagery is the mostly readily available information on cold 

convective clouds. As a result, many previous studies have applied a threshold to IR brightness 

temperature (Tb) measurements to identify OSC (Gettelman et al., 2002; Rossow and Pearl, 

2007; Bedka et al., 2010; Bedka et al., 2012). However, it is sometimes challenging to use IR 

imagery to find convective updrafts because they often appear as cold as stratiform precipitation 

or cirrus anvils that are attached to the core (Houze, 1997). Tropical Rainfall Measuring Mission 

(TRMM) Precipitation Radar (PR) data also has been used to analyze tropical OSC (Alcala and 

Dessler, 2002; Zipser, 2003; Liu and Zipser, 2005; Liu et al., 2007). Although TRMM provides a 

vertical profile of convective clouds, its transmission wavelength of 21.7 mm is only limited to 

measure large particles (e.g., precipitation-size particles) and thus fails to provide information at 

the top of deep convection where small particles exist. Here, we use CloudSat to study OSC. 

CloudSat CPR provides valuable new insight because, operating at 3.19 mm and having 
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sensitivity as high as about –30 dBZ, it is capable of capturing cloud-size particles smaller than 

those measured by the TRMM  CloudSat CPR is also sensitive to precipitation-size particles, 

although attenuation becomes a serious problem in presence of heavy rain. 

The definition of OSC has been discussed in many different ways in previous studies. 

Recently, Iwasaki et al. (2012) summarized several thresholds that determine the overshooting 

features, which is naturally connected to our first question: What is an effective way to select 

overshooting features from CloudSat? Furthermore, to enrich our knowledge of OSC, the study 

of convective dynamics (e.g., convective intensity) is critical. In this regard, we have to consider 

an alternative to the vertical velocity, in order to estimate convective intensity. This leads to the 

second question to be addressed: What could be a proper proxy to estimate convective strength 

from CloudSat?  

Onboard a polar-orbiting satellite, CloudSat cloud profiling radar captures convection 

through a static image captured only twice a day (~1:30 a.m./p.m. equatorial crossing time). As a 

result, life cycle information is missed. The ISCCP CT database, on the other hand, is derived 

from 3-hourly geostationary satellite data that track every convective system from “birth” to 

“death” (except for smaller systems with radius < 90 km due to ISCCP spatial resolution) 

(Machado et al., 1998). The ISCCP CT database gives CloudSat snapshot view the missing time 

dimension so that we are able to identify the life stage of deep convection in which overshooting 

tops are embedded. Herein lies the third question to be explored: In which life stages (growing, 

mature or dissipating) of deep convection does OSC tend to be observed? To address the three 

above-mentioned questions, CloudSat together with ISCCP-CT data are analyzed to explore the 

mechanisms of tropical OSC, with convective evolution and dynamics in mind. 
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 In the first part of Chapter 3, we analyze the climatology of OSC. Here, the occurrence 

frequencies of deep convection and OSC based on CloudSat are discussed and compared to 

previous studies. Relationships between cloud properties and proxies of convective intensity are 

examined and their land-ocean contrasts are explored. Further, we identify five regions where 

OSC are most frequently observed: central Africa, Amazon, tropical warm pool (TWP), eastern 

Pacific (E.P.) Intertropical Convergence Zone (ITCZ), and Atlantic ITCZ. Cloud properties are 

analyzed separately and their differences are discussed.  

The second part of this Chapter focuses on convective evolution. Following Futyan and 

Del Genio (2007), we use two independent variables, minimum brightness temperature (min Tb) 

and maximum radius size (max R) from the ISCCP-CT data, as proxies to determine the life 

stages of convection. The distribution of min Tb, max R, and the system lifetime are discussed 

and the comparison of these variables over land and ocean are examined. Eventually, occurrence 

frequencies of OSC embedded in three stages are calculated and further comparison over land 

versus ocean and during local noon (13:30) versus local midnight (1:30) are made to determine 

what kind of environment OSC is likely to occur in. The proxies for convective strength at 

different life stages are examined in parallel. 

 

1.3.3. Objective 3: Vertical distribution of water vapor during EP- and CP-El Niños 

Building upon previous analyses to understand the processes involved in convection, here 

we look into the reasons for variations in water vapor, one of the most important variables 

driving convection. Of particular interest are spatial and temporal variabilities of water vapor in 

the atmosphere. The vertical distribution and interannual variability of UT/LS water vapor are 

especially important variables needed for studying the impact of deep convection.  
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A recent study by Su and Jiang (2013) (hereinafter referred to as SJ13) showed that the 

variations of tropical cloud vertical structure, cloud radiative forcing (CRF), and circulation 

during the 2006-07 El Niño (moderate East Pacific (EP) El Niño) are very different from those of 

the 2009-10 El Niño (strong Central Pacific (CP) El Niño or El Niño Modoki). Moreover, SJ13 

found that the variations of clouds and circulation during the two El Niños are more dominated 

by the magnitude than the pattern of anomalous SST. To further identify the different 

characteristics of the two types of El Niños, it is of interest to investigate variations in water 

vapor associated with the two ENSO events. Hence, we use the Aura Microwave Limb Sounder 

(MLS, above 300 hPa) and Aqua Atmospheric Infrared Sounder (AIRS, below 300 hPa) to 

examine the variation of vertical distribution of water vapor during the 2006–07 and 2009–10 El 

Niños. It is known that clouds, water vapor, and SST are closely coupled (e.g., Su et al., 2006). 

In this regard, water vapor anomalies during two different types of El Niños and their relation to 

clouds are analyzed.  

 In the first part of Chapter 4, we try to answer the question of how the two different types 

of El Niño events produce different patterns of water vapor anomalies over the tropical ocean. 

First, water vapor anomalies during the 2006–07 and 2009–10 El Niños are analyzed and 

comparisons are made in terms of tropical mean, zonal mean, and meridional mean. 

Subsequently, tropical water vapor anomalies in different circulation regimes are examined. 

Following Bony et al. (2004), we use mid-tropospheric vertical pressure velocity at 500 hPa or 

ω500 as a proxy of local dynamic conditions to seek the relationship between the variations of 

water vapor and large-scale circulation. We use ω500 from the European Centre for Medium-

Range Weather Forecasts (ECMWF) ERA-interim reanalysis dataset. How sensitive water vapor 
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anomalies during the 2006–07 and 2009–10 El Niños are to the dynamic and thermodynamic 

structure of the atmosphere is the main question with which we concerned ourselves.  

Regressions of water vapor mixing ratio anomalies and relative humidity (RH) anomalies 

onto the Niño-3.4. SST (5°S–5°N and 190–240°E) are conducted in the second part of this study. 

The vertical profiles of regression coefficients for the fractional change of water vapor (the ratio 

of the variation in specific humidity to the layer-averaged specific humidity) and RH are further 

examined separately over the western Pacific (10°S–10°N and 100–150°E) and the central 

Pacific (10°S–10°N and 160–200°E), together with those for the whole tropics (30°S–30°N). The 

western Pacific and the central Pacific are the regions where distinct negative and positive cloud 

anomalies are observed, respectively, during the two ENSO events. Finally, Geophysical Fluid 

Dynamics Laboratory (GFDL) AM2.1 model simulations of water vapor and clouds are 

examined and compared with the satellite observations. Our chief question here was how well 

the model reproduces the pattern and magnitude of water vapor and cloud anomalies in response 

to the two El Niño events. 

  

1.4. Arrangement of the thesis 

In Chapter 2, we introduce the methodology to estimate LNB_observation directly from 

CloudSat data. The importance of this analysis is to reconsider the validity and applicability of 

LNB_sounding. We select deep convection cases whose convective cores are attached to well-

developed anvil clouds. LNB_observation is estimated based on the height of the selected anvils 

and LNB_sounding is calculated from ECMWF-AUX product from ECMWF operational 

analysis interpolated in space and time to the CloudSat track. To cover the whole range of the 

convective detrainment level, we define three LNB_observations: the highest detrainment level 
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(LNB_CTH), the lowest detrainment level (LNB_CBH), and the maximum mass detrainment 

level (LNB_maxMass). Our analysis is focused on the whole tropics region (30°S–30°N), but the 

methodology and analysis could also be applied to mid-latitudes. 

In Chapter 3, we analyze CloudSat together with ISCCP-CT data to explore the 

mechanisms of tropical OSC, taking convective evolution and dynamics into account. There are 

two key points of this study. First, we take advantage of two different types of satellites, a polar-

orbiting satellite and a geostationary satellite, to add the missing time dimension to an analysis of 

convective properties. Second, we use convective properties from CloudSat as proxies for 

convective strength to better understand the dynamics of OSC. 

In Chapter 4, AIRS and MLS are used to study the entire vertical profile of water vapor 

from the surface to the UT/LS. We examine the variation of the vertical distribution of water 

vapor during the 2006–07 and 2009–10 El Niños together with GFDL AM2.1 model simulations. 

Here, we aime to explore the different atmospheric responses to 2006–07 and 2009–10 El Niños 

with respect to water vapor and clouds. To achieve this purpose, we discuss two questions: 1) 

How do the distributions of water vapor and clouds during 2006–07 (moderate EP El Niño) 

differ from those during 2009–10 (strong EP El Niño)? and 2) How well do the results between 

the model and satellite observations agree with each other? 

A summary, and discussions of limitations and future work are presented in Chapter 5. 
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Chapter 2 

Observational Determination of LNB form CloudSat 

The content of this chapter also appeared in Geophys. Res. Lett., 39, L15809, 

doi:10.1029/2012GL052638 

 

 

2.1. Introduction 

Level of neutral buoyancy (LNB) is a critical parameter for understanding convection 

because it sets the potential vertical extent for convective development. Occasionally, strong 

convective turrets overshoot the LNB and may even penetrate into the stratosphere. In this case, 

knowledge of LNB provides important information for defining the overshooting features.  

The classic definition of LNB is derived from the parcel theory by lifting a near-surface air 

parcel adiabatically to the upper troposphere where the air parcel starts to lose buoyancy. It can 

be estimated from the ambient sounding without having to observe any actual convective cloud 

development. In reality, however, convection interacts with the environment in complicated 

ways and will eventually manage to find its own effective LNB where it ceases to ascend and 

starts to detrain masses. The parcel theory may not be able to accurately predict a priori the 

effective LNB for each individual convective cloud; only the convective cloud itself knows this 

level and will manifest it through the development of cirrus anvils.  

Mullendore et al. (2009) used a case study from the Tropical Rainfall Measuring Mission 

(TRMM) Large-scale Biosphere-Atmosphere (LBA) field campaign to show that the level of 

maximum detrainment of an observed squall line (which can be interpreted as the cloud’s 

manifestation of the effective LNB) is significantly lower than the LNB derived from the 
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sounding data.  However, no global analysis has been done to generalize the conclusion.  This 

present study corrects the situation by conducting a near-global survey of the effective LNB 

using satellite observations (LNB_observation hereafter) and comparing it to the LNB based on 

the ambient sounding (LNB_sounding hereafter). The difference between the two is indicative of 

the underlying convective processes (e.g., dilution from entrainment of environmental air). A 

near-global survey is an important first step to generalize our understanding of these processes 

and their regional variations. 

Previous studies used infrared brightness temperatures of the anvil clouds to estimate LNB 

(e.g., Bedka et al. 2010). This gives the uppermost level of the LNB. Analysis of CloudSat radar 

data, however, shows that anvil clouds develop over a thick layer of 4-5 km (e.g. Cetrone and 

Houze, 2009; Yuan and Houze 2010); within this thick layer, detrained masses are not uniformly 

distributed (Yuan et al. 2011). Further, Mullendore et al. (2009) found that radar reflectivity is 

well correlated with the convective mass detrainment. Therefore, radar observations contain rich 

information concerning where convective updrafts lose buoyancy and transition to detrainment 

and can thus be utilized to define LNB_observation in a more detailed manner than infrared 

brightness temperatures.  

A number of previous studies have used space-borne radars to characterize anvil cloud 

climatology and structures and relate them to the convective systems that produce them (Cetrone 

and Houze 2009, Yuan and Houze 2010, Li and Schumacher 2010, Yuan et al. 2011).  However, 

no attempt has been made to extract information on LNB and connect it to that based on 

sounding. The promising result from the case study by Mullendore et al. (2009) justifies a 

follow-up investigation of the problem using space-borne radar data. Here, we build upon these 

previous investigations and use CloudSat data to estimate LNB_observation and make 
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comparison with LNB_sounding derived from collocated operational analysis. Compared to 

TRMM precipitation radar (PR), CloudSat cloud profiling radar (CPR) has higher sensitivity to 

non-precipitating particles and allows for a more complete depiction of the anvil structures 

(Yuan and Houze 2010). We focus on the tropics (30S-30N) in the present study but the analysis 

method could be expanded to mid-latitudes. The rest of the paper is organized as follows. 

Section 2.2 describes the analysis methods and data used.  Results and interpretations are 

presented in Section 2.3. Section 2.4 summarizes the study.  

 

2.2. Data and analysis methods 

CloudSat carries a 94-GHz, nadir-pointing, cloud profiling radar (CPR) sensitive to both 

cloud-size and precipitation-size particles. Its footprint is approximately 1.7 km along track and 

1.3 km across track. The vertical resolution is 480 m, oversampled to 240 m.  Stephens et al. 

(2008) provides an overview of the CloudSat data. Further details can be found from CloudSat 

Data Processing Center at http://cloudsat.cira.colostate.edu.  In this study, we use 2B-GEOPROF 

data to estimate LNB_observation for deep convection.  2B-GEOPROF includes both radar 

reflectivity and cloud mask (cloud mask value  ≥ 20 is used to identify clouds, which 

corresponds to reflectivity ~ -30 dBZ). Ambient soundings are taken from ECMWF-AUX 

product containing temperature and moisture profiles from the European Centre for Medium-

Range Weather Forecast (ECMWF) operational analysis interpolated in space and time to the 

CloudSat track.  Data from June 2006 through December 2008 are analyzed. 

The premise of this analysis is that cirrus anvils developing out of deep convection is a 

natural manifestation of where convection loses buoyancy and can thus be used as a proxy for 

LNB_observation. This gives us a clear feature of interest to search among cloud objects 



	
   16	
  

observed by CloudSat. Figure 2.1 shows an example with a number of typical features readily 

identifiable: convective core is located near the center and overshoots above the rest of the cloud 

deck; cirrus anvils are well developed and expand horizontally.  

Here we briefly describe our cloud selection method. Analysis starts from screening of each 

cloud object, defined as the area enclosed by cloud mask >20 in the CloudSat 2B-GEOPROF 

reflectivity data, similar to Riley and Mapes (2009) and Bacmeister and Stephens (2011).  Given 

the CloudSat “curtain-like” sampling, one can think of a cloud object as the vertical cross section 

of a three-dimensional cloud. For each cloud object, we first look for the presence of deep 

convective core (DCC), which is defined as a CloudSat profile having 1) continuous radar echo 

from cloud top to within 2 km of the surface (i.e., the target cloud is rooted in the planetary 

boundary layer), and 2) echo top height (ETH) of the 10 dBZ greater than 10 km. These criteria 

are broadly in line with the characteristics of active convective cores as observed in Luo et al. 

(2008). Once the DCC is identified, we search horizontally on both sides of the cores for the 

attached anvils.  Cloud base ≥ 5 km is required for anvils, following the statistics of the anvil 

base height in a previous study by Yuan and Houze (2010). We further impose the condition that 

the horizontal span of the cirrus anvil must be greater than 20 km to insure that the anvil is well 

developed and that enough information is available for estimating LNB_observation.  Requiring 

the existence of the DCC makes it more likely that the detrainment is still fresh, minimizing the 

effect of ice particle sedimentation which may introduce a lower bias to the estimated 

LNB_observation. A total of 4,008 suitable cloud objects are selected from 2.5 years of CloudSat 

data. 

For each selected convective objects, we define three forms of LNB_observation to capture 

the full range over which convective detrainment develops: 1) LNB is first estimated from the 
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cloud-top height (CTH) of the anvils, which we call LNB_CTH. This is the highest detrainment 

level and represents the destiny of the “lucky” parcels that are relatively less diluted during 

ascent or the ones that have the larger originating moist static energy in the planetary boundary 

layer. LNB_CTH can be readily compared to the infrared measurements, given the anvil is thick 

enough so that the infrared brightness temperature is representative of the cloud-top temperature.  

2) Similarly, cloud base height (CBH) of the anvils is also estimated, referred to as the 

LNB_CBH. This is the lowest detrainment level and may come from the more diluted convective 

air parcels, or alternatively, the air parcels with lower originating moist static energy. LNB_CTH 

and LNB_CBH bracket the range of the effective LNB that can be determined observationally. 

3) In between these two, we also estimate LNB using the height of the maximum radar 

reflectivity within the anvil column, which we call LNB_maxMass because Mullendore et al. 

(2009)’s case study shows that this level is well correlated with the maximum mass detrainment. 

LNB_maxMass is thus most relevant to convective mass transport.  

Fig. 2.1 used an example to illustrate how various forms of LNB_observations are 

estimated. Multiple ways of defining the LNB_observation help capture the complex nature of 

convective detrainment. Together, they provide a more complete depiction of where convection 

loses buoyancy than IR data can do. For all the three forms of LNB_observation, calculation is 

done profile by profile first and then averaged over the first 20 km of the anvils. Choice of the 

first 20 km of the anvil is a compromise between the need to minimize random noises (longer 

samples preferred) and the concern of the bias due to ice sedimentation (shorter distance from 

the DCC preferred).  According to Mullendore et al. (2009)’s case study, ice particle 

sedimentation would introduce a vertical displacement of ~ 1.2 km when ice particles travel 20 

km from the initial detraining point, assuming mean outflow speed of 5 m/s.  
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LNB_sounding is calculated from the collocated ECMWF analysis profiles assuming 

pseudoadiabatic ascent from the planetary boundary layer. Given that the analysis tends to 

smooth out meteorological fields, we may expect some underestimation of LNB_sounding.  

However, the exact impact is difficult to quantity because of lack of collocated radiosonde data. 

We neglect the effect of hydrometeor loading and freezing. They tend to cancel each other: 

hydrometeor loading lowers LNB while latent heat of fusion increases LNB. Emanuel (1994) 

found a nearly exact cancellation using soundings over Florida in summer (their Fig. 14.4). To 

account for the uncertainty associated with the originating level, we launch the air parcel from 

both the surface and the level having the maximum moist static energy (MSE) between the 

surface and 925 hPa, following Liu and Zipser (2005). They are referred to as LNB_sounding1 

and LNB_sounding2, respectively. LNB_souding2 is by definition higher than LNB_sounding1, 

but our results show that the difference between them is usually small (average < 30 m) so in 

discussions we only use LNB_sounding2. Finally, since this study focuses on tropical deep 

convection, we exclude in our analysis cases that are occasionally found to have LNB_sounding 

< 10 km. 

 

2.3. Results and interpretations 

Figure 2.2 shows the statistics of LNB_sounding and various forms of LNB_observation 

based on analysis of one year of CloudSat data. Also included are the statistics for the DCC 

heights and the highest point of the cores. Several findings deserve discussion. 1) LNB_CTH Vs 

LNB_sounding: LNB_CTH is slightly lower than LNB_sounding: the median values for 

LNB_CTH and LNB_sounding are, respectively, 13.41 km and 14.25 km.  This suggests that 

LNB determined by the ambient sounding provides an overall reasonable upper bound for the 
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convective development. However, there is little one-to-one correspondence between 

LNB_sounding and LNB_CTH (both LNB_sounding and LNB_CTH span a large range from 10 

to 16 km) as the linear correlation between them is only 0.29 (0.30 over ocean and 0.28 over 

land). So, although setting a reasonable upper limit, ambient sounding contains limited 

information content to accurately predict the height where actual convective clouds lose 

buoyancy and detrain mass. 2) LNB_maxMass Vs LNB_sounding: The median value of 

LNB_maxMass (10.68 km) is more than 3 km lower than that of LNB_sounding (14.25 km). 

Recall that LNB_maxMass measures the level where maximum mass detrainment occurs. This 

means that the majority of the convective air parcels lose their buoyancy at a level that is 

considerably lower than that set by the ambient sounding. From convective transport perspective, 

LNB_sounding is a significant overestimate of the “destination” height level of the detrained 

mass.  The correlation between LNB_sounding and LNB_maxMass is 0.28 (0.30 over ocean and 

0.25 over land), which again points to the limited value of using LNB_sounding to predict 

LNB_maxMass on a case-by-case basis. 3) LNB_CBH Vs LNB_sounding: LNB_CBH is further 

lower; the median value is only 8.41 km. Correlation between LNB_sounding and LNB_CBH is 

only 0.20 (0.21 over ocean and 0.16 over land). LNB_CTH (13.41 km) and LNB_CBH (8.41 

km) bracket the height range over which tropical deep convection develops outflow and detrains 

mass.  

Figure 2.2 also shows that convective cores with the median height of 14.24 km generally 

overshoot the level set by LNB_CTH (13.41 km). The median value of the highest point of the 

DCCs reaches 14.95 km. These height levels associated with the cores are higher than the base of 

the tropical tropopause layer (TTL), which is generally considered as located at ~ 14 km  

(Fueglistaler et al. 2009).  Hence, our results suggest that the DCCs have the potential to directly 
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participate in the stratosphere-troposphere exchange, while the anvils with the median top height 

at 13.41 km are mainly confined within the troposphere. 

Some land-ocean differences are observed (Table 2.1). We first note that LNB_sounding is 

very similar between land (median: 14.27 km) and ocean (median: 14.23 km).  However, all 

three forms of LNB_observations are higher over land than over ocean: the median values for 

land (ocean) LNB_CTH, LNB_maxMass, and LNB_CBH are, respectively, 13.76 km (13.29 

km), 11.14 km (10.55 km), and 8.78 km (8.27 km). Student’s t-test confirms that all the 

differences are statistically significant at 0.95 confidence level. So, outflow from land deep 

convection pushes closer to the height level set by the ambient sounding than the oceanic 

counterpart. This may be related to the land-ocean difference in convective intensity (e.g., Zipser 

et al. 2006): stronger updrafts in land convection may bring the ascending air parcels to greater 

altitude and detrain mass at a higher level.      

In addition to the vertical dimension, land and ocean deep convection also exhibits some 

difference in horizontal size. From CloudSat radar data, we define the size of a cloud object as 

the horizontal span of the CloudSat profiles, following that by Luo et al. (2011). The median size 

of the land convective systems (including both anvils and cores) is 140 km and that of the ocean 

counterpart is 167 km. On the contrary, median size of the DCCs shows the opposite trend: 14 

km for land convection and 10 km for ocean convection. Both differences are statistically 

significant at 0.95 confidence level. Although our definition of cloud size is somewhat different 

from previous studies using passive sensors (e.g., IR images), a qualitative comparison can still 

be made.  A number of publications have shown that convective system over ocean is larger than 

over land. For example, Machado and Rossow (1993) arrived at this conclusion by conducting a 

global analysis of tropical cold cloud cluster (spatially-adjacent pixels in IR images with cloud-
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top temperature colder than 245 K).  On the other hand, larger cores for land convection than 

ocean convection have been documented in studies using precipitation radar (e.g., Liu et al. 

2007) and in situ aircraft measurements (e.g., Lucas et al. 1994). Analysis of CloudSat data 

corroborate these previous work and further establish the fact that oceanic convective systems 

are bigger but the embedded convective cores are narrower. 

The final “fate” of the updraft air parcels is closely related to their interaction with the 

environment.  For example, entrainment of ambient air with lower moist static energy can 

significantly lower the effective LNB of these ascending air parcels. The difference between 

LNB_observation and LNB_sounding may thus be interpreted as a measure of the magnitude of 

the entrainment effect: the greater the entrainment rate, the larger the height difference. Here, we 

use a simple model (entraining plume model) to understand the differences between 

LNB_sounding and LNB_observation. Despite the simplified form, the entraining plume model 

is commonly used in GCM cumulus parameterization schemes in which cumulus convection is 

modeled as an ensemble of plumes with characteristic LNB and entrainment rates, each sharing a 

fraction of the total convective mass fluxes as determined by the parameterization’s closure 

scheme (e.g., Arakawa and Schubert 1974). As observational equivalents, we may regard 

LNB_CTH, LNB_maxMass and LNB_CBH as representing the final outflow destination of three 

general types of “plumes”: LNB_CTH (LNB_CBH) corresponds to the highest (lowest) reaching 

plume with the smallest (largest) entrainment rate and LNB_maxMass to the plume that has the 

largest share of the deep convective mass flux.   

Following Luo et al. (2010), the entraining plume model is formulated as: 

, where λ is the bulk entrainment rate (unit: %/km), and moist static 

energy (MSE)  CpT + gz + Lvq (T, z and q are temperature, height and specific humidity, 

€ 

∂MSEp

∂z
= λ(MSEe −MSEp )
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respectively; Cp is the specific heat of dry air, g gravitational acceleration, and Lv the latent heat 

of condensation); subscripts p and e refer to properties of the in-cloud air parcel and of the 

environment, respectively.  MSEe can be estimated from the sounding data. We calculate λ 

iteratively by integrating the equation from the surface to the corresponding LNB_observation. 

The calculated mean bulk entrainment rates for LNB_CTH, LNB_maxMass, and LNB_CBH are, 

respectively, 3%/km, 6%/km and 10%/km. These numbers are in the similar range of the 

estimates given by Luo et al. (2010) for tropical deep convection. They may serve as an 

observational constraint for adjusting GCM cumulus parameterizations. For example, a recent 

study by Kim et al. (2011) showed that an improved simulation of ENSO variability can be 

achieved by setting a minimum allowable entrainment rate. Our results give some observational 

guidance concerning what minimum thresholds to choose.  

There are also some land-ocean differences.  The mean entrainment rates are slightly smaller 

over land than over ocean. For example, the corresponding entrainment rates for land (ocean) 

LNB_maxMass and LNB_CBH are, respectively, 6%/km (7%/km), and 9%/km (10%/km). This 

difference may be attributable to the size difference of convective cores: land convection tends to 

have larger convective cores, which provide better protection from entrainment dilution (Lucas 

et al. 1994). Our analysis of the DCC width supports this explanation (Table 2.1). 

 

2.4. Summaries and discussion   

This study revisits an old concept in meteorology – level of neutral buoyancy (LNB). The 

classic definition of LNB follows the parcel theory assuming no dilution by the surroundings; it 

can be simply derived from the ambient sounding (LNB_sounding). In reality, however, 

convection interacts with the environment in complicated ways. It will eventually find its own 
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effective LNB and manifests it through detraining masses and developing anvils 

(LNB_observation). In this study, we conduct a near-global survey of LNB_observation for 

tropical deep convection using CloudSat data and make comparison with the corresponding 

LNB_sounding. Three forms of LNB_observation are defined to reflect the fact that convective 

detrainment occurs over a broad range of heights: LNB_CTH refers to the highest detrainment 

level, LNB_CBH the lowest detrainment level, and LNB_maxMass corresponds to the level of 

maximum mass detrainment. The principal findings are as follows: 

1. LNB_sounding provides an overall reasonable upper bound for convective development. 

However, linear correlation between LNB_sounding and LNB_CTH is only 0.29, 

suggesting that ambient sounding alone contains limited information content to 

accurately predict the actual LNB where convective clouds lose buoyancy and detrain 

mass. 

2. LNB_maxMass, which measures the level of maximum mass detrainment, is more than 3 

km lower than LNB_sounding. So, LNB_sounding is a significant overestimate of the 

“destination” of convective mass transport. Correlation between LNB_maxMass and 

LNB_sounding is only 0.28. 

3. All three forms of LNB_observation are higher over land than over ocean, while 

LNB_sounding is very similar between land and ocean. So, deep convection over land 

tends to detrain mass at a higher level and the outflow from land convection pushes 

closer to the height level set by the ambient sounding. Moreover, it is noticed that oceanic 

deep convective systems are larger than their land counterparts, but the embedded 

convective cores in the oceanic systems are smaller. 
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4. The difference between LNB_sounding and LNB_observation is closely related to 

convective entrainment because entraining ambient air with lower moist static energy 

will lower the LNB_observation. Using an entraining plume model, we estimate the bulk 

entrainment rates (λ) associated with all three forms of LNB_observation: the mean λ 

values for LNB_CTH, LNB_maxMass and LNB_CBH are, respectively, 3%/km, 6%/km 

and 10%/km. The estimated entrainment rates can serve as observational constraints for 

adjusting GCM cumulus parameterization.   
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Table 2.1: Median value of LNB_sounding, LNB_CTH, LNB_maxMass, LNB_CBH, DCC 
height, and the highest point of DCC [Unit: m].  Also shown are the sizes of the DCC and of the 
whole system [unit: km], as well as the total number of selected convective cloud objects.  
Values in the parentheses are the corresponding standard deviations. 
       
Median (STD) LNB_sounding1 LNB_sounding2 LNB_CTH LNB_maxMass LNB_CBH 

All 14,219 (1,203) 14,247 (1,163) 13,406 (1,365) 10,680 (1,342) 8,409 (1,495) 
Ocean 14,229 (1,141) 14,234 (1,135) 13,293 (1,358) 10,548 (1,315) 8,272 (1,473) 
Land 14,185 (1,388) 14,268 (1,254) 13,756 (1,327) 11,141 (1,337) 8,783 (1,527) 

Median (STD) DCC-height Highest DCC System Size DCC Size No. of cases 
All 14,237 (1,194) 14,951 (1,204) 159.5 (159.7) 11 (25.7) 4008 

Ocean 14,125 (1,168) 14,841 (1,186) 167.2 (165.1) 9.9 (25.1) 3087 
Land 14,654 (1,198) 15,373 (1,176) 139.7 (136.5) 14.3 (27.5) 909 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
   26	
  

 

	
  
Figure 2.1. CloudSat radar reflectivity profile of a tropical deep convective cloud observed on 
February 24 2007 over Amazon (unit: dBZ). The size of the system is about 140 km and the 
highest point is about 17 km. Various forms of LNB_observation are marked up and illustrated 
using this example.  LNB_CTH, LNB_maxMass and LNB_CBH refer to, respectively, LNB 
defined by anvil cloud top height (CTH), maximum mass outflow (determined by radar 
reflectivity) and anvil cloud base height (CBH).  See text (the 4th paragraph of Section 2.2) for 
detailed explanation. 
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Figure 2.2. Box diagram for LNB_sounding, LNB_CTH, LNB_maxMass, LNB_CBH, height of 
DCC and of the highest point. The bottom and top of the boxes show, respectively, the 25% and 
75% percentile. The central lines show the median and stars inside the box show the mean.  
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Chapter 3 

Tropical Overshooting Convection from A Satellite Perspective 
 
 
 

3.1. Introduction  

It has been well established that tropical deep convective clouds are an important agent in 

transporting energy and moisture (and other trace gases) from the planetary boundary layer to the 

upper troposphere (e.g., Riehl and Malkus 1958; Riehl and Simpson 1979). Of special interest is 

a small subset of deep convection that overshoots. Overshooting convection (OSC) has the 

potential of penetrating into the tropical tropopause layer (TTL) or even directly into the lower 

stratosphere. Considerable debates have been seen in the literature concerning the exact role 

played by tropical OSC in affecting the lower stratospheric heat and moisture (e.g., Sherwood 

and Dessler 2000; Küpper et al. 2004; Kuang and Bretherton 2004).  One particularly uncertain 

area concerns where and at what rate convective mass outflow occurs in the TTL and lower 

stratosphere (Fueglistaler et al. 2009).  On the one hand, tropical OSC is a less-frequently 

occurring phenomenon (e.g., Luo et al. 2008) so its importance in transporting mass and 

constituents could be overshadowed by slow but ubiquitously occurring ascent in TTL, as shown 

in Küpper et al. (2004).  But on the other hand when OSC occurs, it takes up a disproportionately 

intense form and profoundly affects the thermodynamics and chemical compositions of the TTL 

and lower stratosphere (Kuang and Bretherton 2004). 

Understanding these important influences requires, in part, ways of observing the tropics-

wide distribution of OSC as well as their properties and behaviors. A number of satellite-based 

studies have been conducted in the past. Using IR brightness temperature (TB) measurements, 

Gettelman et al. (2002) described the global distributions of tropical deep convection that 
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penetrates into the lower stratosphere. Bedka et al. (2010; 2012) specifically examined the 

overshooting tops with TB lower than the surrounding anvil clouds by some thresholds. Rossow 

and Pearl (2007) took a different approach by characterizing the nature of the convective systems 

that contain cold pixels representing overshoots into the stratosphere; it was found that most of 

them are larger, organized convective systems. Hong et al. (2005) utilized high-frequency 

passive microwave measurements (~183 GHz) to identify tropical OSC based on the scattering 

effect in the microwave due to large ice particles lofted by strong convective motion.  Liu and 

Ziper (2005) and Liu et al. (2007) examined the vertical structure and intensity of penetrative 

deep convection using data from the Tropical Rain Measuring Mission (TRMM) Precipitation 

Radar (PR) operating at 13.8 GHz that is sensitive to moderate to heavy rains.  

Recent launch of CloudSat, which carries with it a 94-GHz cloud-profiling radar sensitive 

to both cloud- and precipitation-size particles, provides another opportunity to study OSC. Luo et 

al. (2008) used a combination of CloudSat radar reflectivity profiles and MODIS (Moderate 

Resolution Imaging Spectrometer) IR brightness temperatures to infer life cycle of tropical 

penetrating deep convection. Iwasaki et al. (2010; 2012) analyzed CloudSat, CALIPSO (Cloud-

Aerosol Lidar and Infrared Pathfinder Satellite Observations), and MODIS to study the mixing 

of overshoots with the stratospheric air. This paper builds upon these previous works and further 

studies tropical OSC using CloudSat data.  An important aspect of this current study is the 

combination of CloudSat and geostationary satellite observations, the latter being obtained from 

the International Satellite Cloud Climatology Project (ISCCP) Convection Tracking (CT) 

database.  Recent publications by Luo et al. (2009; 2010) have shown that to understand the 

snapshot views of convection as obtained from polar-orbiting satellites (CloudSat being just one 

example), it is important to place them in a proper dynamic context because different snapshots 
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capture convection at different life stages. Geostationary satellites provide the capability of 

observing the full lifecycle of the convective clouds, which CloudSat only sees with one passing 

glimpse at a certain life stage. Therefore, we analyze CloudSat depiction of tropical OSC 

properties and behaviors with convective evolution and dynamics in mind, adding the otherwise 

missing time dimension to the CloudSat observations from using ISCCP CT data. 

After this introduction, we will describe data and methodology in Section 3.2. Analysis 

results and interpretations are presented in Section 3.3.  Section 3.4 summarizes the study. 

 

3.2. Data and methodology   

A little more than two years (Sep 2006 – June 2008) of CloudSat data (2B-GEOPROF 

and ECMWF-AUX products), together with the International Satellite Cloud Climatology 

Project (ISCCP) Convection Tracking (CT) database, are used to characterize tropical 

overshooting convection and the cloud systems in which they are embedded.  Although CloudSat 

data extend beyond June 2008, ISCCP CT data have not yet been updated.  September 2006 – 

June 2008 is the overlapping period. Given the large number of cases observed (~680,000), 

results coming out of the 2.3 years of data should be statistically robust.  When ISCCP CT is 

extended, we plan to update the analysis. 

 

3.2.1. Satellite observations 

CloudSat is a member of the A-Train constellation, which consists a suite of polar-

orbiting satellites with an equator crossing time ~1:30 am/pm (Stephens et al., 2008). The 

CloudSat carries a 94-GHz cloud profiling radar (CPR), which is sensitive to both cloud-size and 

precipitation-size particles. The footprint of CloudSat is about 1.7 km along track and 1.3 km 
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across track, and the effective vertical resolution is 480 m with oversampling at 240 m 

resolution. Further details about the CloudSat mission can be found in Stephens et al. (2008) or 

the CloudSat Data Processing Center webpage at http://cloudsat.cira.colostate.edu. Here, we 

mainly use 2B-GEOPROF and ECMWF-AUX data products to characterize tropical OSC. The 

former product offers cloud mask and radar reflectivity and the latter provides temperature and 

moisture profiles from the European Centre for Medium-Range Weather Forecasts (ECMWF) 

operational analysis interpolated in time and space to the CloudSat track.  

The ISCCP CT database is derived from geostationary satellite data. Based on the ISCCP 

pixel-level data (DX), spatially sampled at 30 km intervals, a convective system database has 

been constructed by clustering all adjacent cold IR pixels with brightness temperature (TBIR) < 

245 K (Machado and Rossow 1993).   Such clusters are referred to as Convective Systems (CSs), 

whether or not they actually contain convective clouds.  A further test identifies Convective 

Clusters (CCs) as adjacent cloud pixels with TBIR < 220 K. CSs are usually irregular in shape, so 

to make the results tractable, Machado et al. (1998) modeled each CS as ellipse and recorded the 

structural and radiative properties. Once CSs are identified, Machado et al. (1998) developed a 

procedure to track the evolution each individual CS. This makes the Convective Tracking (CT) 

dataset that includes the whole CS family whose radiuses are at least 90 km (about 30 pixels in 

the ISCCP DX dataset). The ISCCP CT product currently covers the period from July 1983 

through June 2008. Figure 3.1 shows the tracking of a tropical CS (represented by the green 

ellipse) over a period of 12 hours. One can clearly see the propagation of the CS to the west as 

well as the evolution of CS structure and properties (e.g., popping out of new convective cells). 

CloudSat happens to pass by this CS at around 12 Z, capturing the vertical structure of the 

system at this instant. The data and the document describing the dataset are available at 
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http://isccp.giss.nasa.gov/cgi-bin/CT.pl. 

 

3.2.2. Selection of OSC 

OSC can be identified from satellite observations using a number of methods. The most 

commonly used method draws upon IR measurements because overshoots appear as cold pixels 

in the IR imageries (e.g., Gettelman et al. 2002, Rossow and Pearl 2007, Bedka et al. 2010; 

2012). Passive microwave measurements can also be used to identify overshooting deep 

convection (Hong et al. 2005). Active sensing systems provide the profiling capability, and in the 

past, TRMM PR observations have been utilized to study the penetrative deep convection (e.g., 

Alcala and Dessler 2002; Liu and Ziper 2005). But since TRMM PR is only sensitive to large 

precipitating particles (sensitivity at ~18 dBZ), it generally underestimates the heights of the 

overshoots. In this study, we use measurements from the CloudSat CPR. 

By definition, OSC refers to convective plumes that overshoot the level of neutral buoyancy 

(LNB). So, the first step is to find a proper way to define the LNB. The classic definition of LNB 

is derived from the parcel theory by lifting a near-surface air parcel adiabatically to the upper 

troposphere where it starts to lose buoyancy (called LNB_sounding). LNB can also be 

determined observationally by observing the actual outflow of deep convection (called 

LNB_observation). Takahashi and Luo (2012) compared the two versions of LNB using both 

sounding (ECMWF analysis) and observations (CloudSat); it was found that LNB_sounding is a 

reasonable upper bound for LNB_observation, with the former being ~ 800 m higher than the 

later.  Considering that using LNB_observation severely limits the sample size (only 4,800 cases 

are found for 2.5 years of CloudSat data, mainly from the west pacific) for global survey of OSC, 

in this study we calculate LNB from the ECMWF-AUX data (i.e., LNB_sounding) and use it as 
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the reference level for selecting OSC: any convective tower observed by CloudSat that extends 

above the corresponding LNB by some threshold is defined as OSC. For the tropics (30S-30N), 

LNB for the selected OSC ranges from 12.3 to 13.7 km depending on locations (Table 1).  

The exact OSC selection procedure goes as follows: First, deep convection is identified from 

CloudSat 2B-GEOPROF data in a way similar to Takahashi and Luo (2012).  The requirements 

are: 1) cloud-top height (CTH) ≥ 10000 m, 2) cloud-based height (CBH) ≤ 2000 m, 3) continuity 

in radar echo from CBH to CTH to exclude non-convective, layered clouds.  CPR Cloud Mask ≥ 

20 (20 or higher indicates high confidence in cloud detection; note cloud mask value is not to be 

confused with radar reflectivity) is required, as in Riley and Mapes (2009) and Bacmeister and 

Stephens (2011). Second, the corresponding LNB is calculated from collocated ECMWF-AUX 

data assuming pseudo-adiabatic ascent from the planetary boundary layer.  Finally, OSC is 

defined as any convective profile from CloudSat CPR with CTH > LNB + δ, where δ = 500m. 

Choice of 500m for δ is meant to match previous studies such as Bedka et al. (2010). We have 

experimented δ from 0 to 1300m. The final choice of δ=500m provides OSC statistics that agree 

broadly with previous studies. Note that we do not use the tropical tropopause height as the 

reference level for selecting OSC. Thus, OSC as defined in this study (i.e., cloud tops higher than 

the corresponding LNB) may be different from penetrating deep convection (i.e., convection 

penetrating the TTL) as defined in other studies (e.g., Luo et al. 2008). Figure 3.2 gives an 

example how OSC is selected. The upper panel shows the IR brightness temperature (a proxy for 

cloud top temperature) from Moderate Resolution Imaging Spectroradiometer (MODIS). The 

dotted line indicates the CloudSat footprint. The lower panel shows the vertical distribution of 

radar reflectivity from CloudSat. The black line is the height of LNB, and the arrows point to the 

locations of the selected overshooting features. 
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3.2.3. Proxies of convective strength 

CloudSat CPR offers some unique views of OSC. Its high sensitivity to both cloud and 

precipitating particles and profiling capability give a glimpse into the internal vertical structure 

of OSC and also allows for the identification of convective strength. Here, we define three 

proxies for convective strength. The first proxy is radar echo-top height (ETH) of large echoes. 

ETH of 0 dBZ (10 dBZ) is the highest altitude that 0 dBZ (10 dBZ) radar echo reaches. Strong 

updraft tends to produce a high ETH, i.e., large particles being lofted to greater altitude. The 

second proxy is called overshooting distance (OSD), defined as the difference between CTH 

(which roughly corresponds to the ETH of -30 dBZ) and LNB. OSD describes the extra distance 

by which a deep convective plume overshoots the corresponding LNB. Intuitively, it is indicative 

of the convective strength or intensity as stronger convective plumes overshoot higher. The 

extremely strong deep convection can penetrate directly into the stratosphere, much higher than 

the LNB (e.g., Luo et al. 2008). The third proxy is called cloud top-echo top distance (CTETD), 

which is defined as the distance between CTH and ETH of 0 dBZ and 10 dBZ. When convection 

is strong, both small and large particles are lofted to higher altitude, so CTH and ETH are similar 

(thus small CTETD). On the other hand, if convection is weak, large particles fall short of the 

cloud top resulting in large CTETD.  Figure 3.3 uses schematics to illustrate these different 

proxies. 

 

3.2.4. Definition of convective life stage 

ISCCP-CT database gives CloudSat snapshot views the missing time dimension so that we 

are able to identify the life stage of CSs in which OSC is embedded, as illustrated in Figure 3.1. 

Following Futyan and Del Genio (2007), we use two independent variables, coldest IR 
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brightness temperature and size (radius) of the CS to determine the life stages of the convective 

system. We define it as the “developing stage” if the system has not reached the min TBIR (i.e., 

highest CTH) of its lifetime, and the “dissipating stage” if the system has already passed its 

maximum size. The life stage between the “developing stage” and the “dissipating stage” is 

defined as the “mature stage”. The rationale for the life stage classification is that CSs are 

expected to develop vertically first and then expands horizontally. To smooth out abrupt changes 

in minimum brightness temperature and radius, we apply a polynomial curve fitting and use F-

test to determine the best order fit. Only CSs whose lifetimes are more than 6 hours (i.e., a 

minimum of 3 geostationary images) and radiuses are larger than 90 km have been used. 

Depending on the time at which CloudSat-observed OSC intercepts the ISCCP-CT data, it is 

assigned a given life stage – developing, mature, or dissipating. Figure 3.4 illustrates the overall 

methodology using an example of OSC embedded in the mature stage of the CS. 

 

3.3. Results  

3.3.1. Occurrence frequency of OSC and regional variations: CloudSat perspective 

We first examine deep convection (DC) in general: the occurrence frequency of DC by 

CloudSat (see Section 3.2 for definition) is about 2.1 % over whole tropics (30°S to 30°N) 

(Figure 3.5, the 2nd panel). It is about 3.1 % if we only count 15°S to 15°N. This number is 

slightly lower than the statistics given by Luo et al. (2008), which is 3.9 % based on 2B-

CLDCLASS data due to slightly different definition of DC. It should be noted that the CloudSat 

definition of DC, both ours in this paper and in 2B-CLDCLASS product, does not count the 

attached thick anvil because active sensors can effectively separate convective plumes from the 

anvils based on radar profiles.  This is different from most IR-based definition where it is hard to 



	
   36	
  

differentiate thick anvil from active convective plumes because they both show similar cold 

temperature. 

OSC is a small subset of DC. Statistics of OSC depends on the choice of the reference 

level (i.e., LNB) and the overshooting distance (δ). Figure 3.5 (top panel) shows the climatology 

of LNB based on ECMWF analyses. Figure 3.5 also shows the occurrence frequency of OSC 

with different δ values: it varies from 0.24% to 0.65 % over 30°S-30°N and 0.36% to 0.97 % 

over 15°S -15°N when δ varies from 0 m to 1300 m (panels 3 – 6). Larger δ leads to fewer OSC. 

In this study, we use δ=500 m, following the reason described in the Section 2.2. Under this 

definition, the occurrence frequency of OSC is 0.46 % over 30°S -30°N (Figure 3.6, the 4th 

panel) and 0.69 % for 15°S and 15°N. So, considering that the DC occurrence frequency is 2.1% 

(30S-30N), our result shows that approximately 21 % of tropical DC has overshooting tops, 

which is comparable to the statistic given by Hong et al. (2005) who found that 26 % of tropical 

DC has overshooting tops.  

Of particular interest are the OSC events that have potential to directly penetrate into the 

lower stratosphere. Luo et al. (2008) studied the convective life cycle and internal vertical 

structures of such penetrative deep convection.  Here, our result shows that only ~1 % of tropical 

DC (i.e., ~0.0002 of the tropical region) has overshooting tops higher than 16.5 km, which is 

about the mean cold point tropopause defined by Gettelman and Forster (2002). This result is 

similar to the statistics as given by Luo et al (2008) and broadly agrees with Rossow and Pearl 

(2007), although the definition of OSC and DC differs among these authors. The exact role 

played by these penetrative deep convective events in terms of their impacts on the lower 

stratosphere energy and trace gases is not clearly understood (Fueglistaler et al. 2009).  

Land-ocean contrasts are also investigated. For our definition of OSC, the occurrence 
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frequency is only slightly higher over land (~ 50.2 %) than over ocean (~ 49.8 %). At the face 

value, this seems to be somewhat at odd with previous work using TRMM PR, which found 

noticeably more OSC over land than over ocean (e.g. Liu and Ziper 2005).  However, it should 

be emphasized that CloudSat PR with the sensitivity at ~ -30 dBZ sees small ice crystals at the 

top of OSC whereas TRMM PR with sensitivity at ~ 18 dBZ only detects precipitation-size 

particles. Liu et al. (2007) reconciled different views of OSC from TRMM PR and IR 

measurements.  CloudSat-detected cloud tops are more similar to those by IR (i.e., small cloud 

particles), so its depiction of land-ocean contrast is comparable to that by Gettelmann et al. 

(2002) and Rossow and Pearl (2007). It is interesting to note that if we choose δ=900 m, that is, 

stricter criterion for selecting OSC, then land-ocean contrast starts to tilt more toward land (55.7 

% for land and 44.4 % for ocean). This becomes more similar to the result from analysis of the 

TRMM PR data (Liu and Zipser, 2005; their Table 3 for the case using LNBsfc as the reference 

height). Pushing δ to the extreme (1300 m), it becomes clear that OSC dominates over land (62.3 

% for land and 37.7 % for ocean), suggesting that real intense OSC is more prevalent over land, 

consistent with results from TRMM (Liu and Zipser 2005) and passive microwave (Hong et al. 

2005), which are more sensitive to large ice particles indicative of intense convective updrafts.   

Another potentially important factor to consider when comparing our results to those by 

TRMM and IR is diurnal cycle. CloudSat makes measurements at around 1:30 am/pm local time. 

Tropical deep convection over land has strong diurnal cycle and the peak is usually in the late 

afternoon (Liu and Zipser 2008).  Therefore, CloudSat probably underestimates the occurrence 

frequency of OSC over land.  Deep convection over ocean, in contrast, has much smaller diurnal 

cycle (Liu and Zipser 2008) so less problem is expected over ocean. We will return to the issue 

concerning the diurnal cycle in Section 3.3 when ISCCP CT data are analyzed in conjunction 
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with CloudSat.  ISCCP-CT data provide a full coverage of the diurnal cycle because they are 

based on geostationary satellite data. 

Some regional differences in DC and OSC are worth discussing. Figure 3.5 shows that 

DC and OSC are most prevalent over the following fives regions: central Africa, Amazon, 

tropical warm pool (TWP), eastern Pacific (EP), Intertropical Convergence Zone (ITCZ), and 

Atlantic ITCZ (black boxes in Figure 3.5 define these regions). While the overall statistics shows 

little difference in OSC over land versus over ocean (50.2% versus 49.8%), the two land centers 

of action (tropical Africa and Amazon) have significantly more OSC than the three oceanic 

counterparts. The land-ocean difference in OSC can be examined in another way, that is, the 

percentage of DC that overshoots (or the ratio of OSC to DC). The percentages are, respectively, 

34.5 %, 26.5 %, 15.6 %, 32.9 %, and 25.0 % over the five regions (tropical Africa, Amazon, 

TWP, E.P. ITCZ, and Atlantic ITCZ), showing that tropical Africa has the highest percentage 

and TWP has the lowest. Although DC in general is most abundant over Amazon and TWP, 

OSC is most frequently observed over Amazon and tropical Africa. 

 

3.3.2. Convective properties associated with OSC 

CloudSat CPR offers a unique view of OSC and their internal vertical structure, which have 

not been systematically documented before.  Here, we analyze various parameters that are used 

to characterize cloud structure (e.g., CTH), convective intensity (the three proxies defined in 

Section 2.3: ETH, OSD, and CTETD) and convective environment (e.g., LNB), as well as the 

relationship among them. 

Table 1 summarizes these parameters associated with OSC for the whole tropics, land and 

ocean, and the five regions as defined in Figure 3.5. In general, LNB is slightly higher over 
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ocean than land (13,085m versus 12,495m).  CTHs for the OSC are similar over land and ocean 

(14,516m versus 14,591m).  However, convective intensity is consistently stronger over land 

than over ocean as indicated by all three proxies: OSD, CTETD for 0 dBZ and CTETD for 10 

dBZ. Among all five regions, tropical Africa shows the strongest convective intensity with the 

largest OSD and the smallest CTETD.  OSC over the TWP has the weakest intensity based on 

these measures. The contrast in deep convection characteristics between tropical Africa and 

TWP has been studied by Liu and Zipser (2005) using TRMM PR; their results are qualitatively 

similar to our findings using CloudSat CPR, namely, stronger deep convection over tropical 

Africa and weaker convection in TWP.  This suggests that CPR ETHs of 0dBZ and 10dBZ are 

indicative of convective strength, in a way similar to TRMM PR ETH.  However, it should be 

pointed out that since CPR has the sensitivity down to -30 dBZ, it gives a more complete 

depiction of the whole envelope of the convective system than PR in the vertical dimension. For 

example, Table 1 shows that smaller cloud particles as represented by CPR CTH reach higher 

over TWP (15,169m) than tropical Africa (14,514m), although over tropical Africa, large rain-

size particles as represented by ETHs of 10 dBZ (which are supported by strong updraft) ascend 

to higher altitude and closer to the cloud top compared to TWP. 

Lucas et al. (1994) discussed possible reasons for stronger land convection: although the 

absolute values of CAPE do not differ too much between land and ocean convective 

environment, their shapes are different: oceanic convection has “skinny” CAPE (e.g., the 

associated positive area of CAPE is narrow), whereas continental convection tends to have “fat” 

CAPE (e.g., the associated positive area of CAPE is wide). The latter shape can more effectively 

accelerate ascending air parcels. Zipser (2003) offered another possible explanation: glaciation of 

water droplets when they are transported to the upper troposphere adds additional latent heat to 
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the air parcels, reinvigorating the convection.  Land convection with higher aerosol concentration 

tends to delay warm rain and transports more water droplets to the higher levels where they 

glaciate.  

Correlation coefficients between various parameters used to characterize convective 

properties are summarized in Table 2. A few results deserve discussion. 1) Relatively high 

correlation (0.78) is seen between CTH and LNB, suggesting that the vertical development of 

OSC tends to scale with LNB.  Correlation coefficient is higher over ocean (0.83) than over land 

(0.70). 2) CTH and ETH (both 0 dBZ and 10 dBZ) are also positively correlated, although the 

correlation coefficients are smaller than that between CTH and LNB. This suggests that 

convective strength (as indicated by ETH) and cloud depth (CTH) are closely related. But unlike 

CTH and LNB, larger correlations between CTH and ETH are found over land than over ocean.  

This could be explained through the land-ocean contrast in convective intensity, namely, stronger 

convection over land dictates closer coupling between convective strength (indicated by ETH) 

and vertical development (indicated by CTH), whereas sluggish convection over ocean is loosely 

coordinated in the vertical. 3) LNB and ETH are also positively correlated, but the correlation 

coefficients are generally lower than those for LNB and CTH and for CTH and ETH.  Recall that 

LNB can be thought of as an environmental parameter that caps deep convective development 

(Takahashi and Luo 2012).  Our results suggest that this “capping” effect is stronger for CTH 

than for ETH. 4) Another parameter CloudSat provides is the OSD, which presumably also 

measures convective intensity but from a different perspective than ETH.  Table 2 shows that the 

correlation between OSD and ETH are relatively small.  It is not immediately clear to us why 

they are not well correlated. One possible reason may have to do with our analysis approach: 

CTH, ETH and OSD are recorded profile by profile (1.7 km along track and 1.3 km across track) 
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and the correlation coefficients are also calculated based on this profile-by-profile collection of 

measurements. Because of this, vertical wind sheer may displace OSD maximum from ETH 

maximum by more than the distance of 1.7 km so that it may “ruin” the one-to-one correlation.  

Nevertheless, when averaged over large regions for many OSC events, OSD and ETH tend to 

give consistent depiction of convective intensity.   

 

3.3.3. Life stages of OSC 

A unique aspect of this OSC study is the combination of CloudSat with geostationary 

satellite data.  That is, each snapshot of OSC by CloudSat is cast in the context of the whole life 

cycle of the convective system (CS) in which it is embedded.  Using size (R) and the minimum 

Tb of the CS from the ISCCP-CT database, we define three convective life stages: growing, 

mature and dissipating as described in Section 2.4.  

We first investigate the question at which life stage(s) of the systems are the OSC events 

observed. We find that 2,300 cases of OSC events embedded at the growing stage of the CSs, 

523 cases at the mature stages and 20 cases at the dissipating stages. However, the lifetime 

duration of each stage is different: the ratio of lifetime duration at growing, mature and 

dissipating stage is 0.35, 0.16, and 0.49, respectively. To avoid sampling bias among each stage, 

we normalize the results by dividing the total number of OSC events embedded in each life stage 

by the lifetime duration of that stage. This way, samples from the mature stage will get some 

“compensation” for fairness consideration because the mature stage is shorter than the other two 

stages, according to ISCCP CT data. After this adjustment, our result shows that OSC occurs 

predominately during the growing stage of the CSs (~ 66.2 % of all OSC cases); the mature stage 

comes second (~33.4 %) and only very few OSC cases (~ 0.4 %) are found during the dissipating 
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stage (Table 3). An interesting result is that about 1/3 of OSC is found at the mature stage of the 

CSs, because this suggests that although the convective systems start to detrain and develop 

anvils, many of them still experience strong updrafts that push cloud tops above the LNB.  The 

dissipating stage is the period of decaying during which cloud tops get warmer (CTH starts 

decreasing) with time and size becomes smaller, thus OSC can hardly occur at this stage. 

We also break down the statistics by land and ocean and by daytime (13:30) and 

nighttime (1:30) overpasses (Table 3). Occurrence frequencies of OSC embedded in each life 

stage over ocean appear to show little variation between daytime and nighttime. In other words, 

little diurnal variation is observed over ocean. Over land, OSC is less concentrated at the 

growing stage during the daytime than the nighttime; the mature stage has more share of OSC 

during the day than during the night.  This can be interpreted as related to the diurnal cycle of 

convective intensity: stronger land convection in the afternoon time may sustain OSC plumes 

well into the mature stage of the convective system.  

It is also of interest to examine the characters of the convective systems in which OSC 

events are embedded.  Figure 3.6 shows the statistics of the system lifetime, max R, and the min 

TB (max R and min TB are used to define life stages; see Fig. 4). Maximum R is slightly larger 

over land than over ocean (but statistically insignificant at 95% confidence level). There are 

some larger differences in the distribution of lifetime and min TB between oceanic and 

continental convection (both statistically significant at 95% confidence level). Oceanic 

convection has longer lifetimes than continental convection: the mean and median for the ocean 

cases are, respectively 75.3 hr and 34 hr, while the values for land cases are, respectively, 47.2 hr 

25 hr. Continental convection tends to have colder min TB (mean and median are both at 192 K) 

than oceanic convection (mean and median are both at 196 K).  
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Finally, we analyze convective strengths of the OSC embedded in different life stages of 

the convective systems (Table 4). Since OSC is rarely found in the dissipating stage (only 0.4% 

of all cases) and as such no enough statistics can be compiled, we only compare the growing 

stage and the mature stage.  Almost all proxies in Table 4 point to stronger convective intensity 

for OSC during the growing stage, that is, larger ETH (both 0 dBZ and 10 dBZ), larger OSD and 

smaller CTETD. 

 

3.4. Summary and discussions 

Tropical overshooting convection (OSC) plays a critical role in affecting the heat and 

moisture budgets of the upper troposphere and lower stratosphere.  Understanding these 

important influences requires, in part, ways of observing the tropics-wide distribution of OSC as 

well as their properties and behaviors.  A number of satellite-based studies have been conducted 

in the past using, for example, IR, passive microwave and precipitation radar measurements.  

This current study approaches the subject from a different angle, emphasizing 1) the new and 

unique observations from the CloudSat cloud-profiling radar (CPR), and 2) the synergy between 

CloudSat snapshots and the whole convective life cycle as provided by geostationary satellite 

observations.  The latter information is provided by the ISCCP Convection tracking (CT) 

database based on 3-hourly pixel-level geostationary data that give the life stage information of 

the convective system in which OSC events are embedded. The principal findings are briefly 

summarized as follows. 

1) The occurrence frequency of OSC based on CloudSat observations is approximately 0.46 

% between 30°S and 30°N and 0.69 % between 15°S and 15°N. They are partitioned into 50.6% 

over land and 49.4% over ocean, broadly consistent with previous statistics using IR 
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measurements.  When the criteria for selecting OSC becomes more stricter with requirements of 

not only cloud-top height but also strong convective intensity, the land-ocean partition tilts 

toward land dominance, consistent with previous studies using TRMM PR and passive 

microwave measurements. 

2) Regional variations in tropical OSC are investigated.  Two contrasting regions are 

tropical warm pool (TWP) and tropical Africa: while the former has more occurrences of deep 

convection (DC) in general, the latter has more OSC. Amazon region is abundant in both DC and 

OSC.  Caution, however, should be exercised to interpret these results because of the fixed 

sampling time (~ 1:30 am/pm local time).  

3) CloudSat CPR offers a unique view of the internal vertical structure of OSC, which have 

not been systematically documented before.  We analyze various parameters that are used to 

characterize cloud vertical extent (CTH), convective intensity (ETH, OSD and CTETD), and 

convective environment (LNB).  Among all the regions, tropical Africa shows the strongest 

convective intensity. Correlations between these various parameters are also computed, generally 

showing close relationship between convective environment, cloud vertical development and 

convective strength. 

4) ISCCP CT data are analyzed to identify the life stage of the convective system (CS) in 

which OSC events are embedded. It was found that OSC occurs predominantly during the 

growing stage of the CSs (66.2%); the mature stage comes second (33.4%) and only very few 

OSC cases are found during the dissipating stage (0.4%).  There is little variation in the statistics 

between daytime (13:30) and nighttime (1:30) overpasses for oceanic cases; for land cases, 

however, OSC is less concentrated at the growing stage during the daytime than the nighttime 
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(see Table 3). Convective intensity is compared between the growing and mature stages of the 

CSs: almost all proxies point to stronger OSC during the growing stage. 

This paper builds upon previous works and continues to elucidate the properties and 

behaviors of tropical OSC.  The novel aspect of the study is that the CloudSat depiction of OSC 

is cast in the dynamic context provided by the geostationary satellite observations.  The life stage 

view of OSC has important implications for mechanistic studies of tropical OSC and its 

influence on heat and moisture budgets of the upper troposphere and lower stratosphere. For 

example, knowing that OSC events are found predominantly in the growing stage of the CSs, 

future observational (e.g., field campaign) and modeling studies should therefore focus on the 

early duration of the system.  The finding of the land-ocean and day-night differences is also 

intriguing. More detailed studies should be planned to understand why the mature stage claims 

more share of the OSC event during the day than at night for the land CSs but not for oceanic 

counterparts. 
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Table 3.1. Median values of LNB, CTH, OSD, CTETD of OSC for the whole tropics, over 
ocean and land separately, and for different regions (see Fig. 5 for the definition of the regions). 
Numbers in the parentheses are the standard deviations. Unit [m]   
 

Median (STD) LNB CTH OSD CTETD 0dBZ CTETD 10dBZ 
Ocean 13,085 (1,386) 14,591 (1,280) 1,199 (788) 2,398 (1,653) 4,797 (2,354) 
Land 12,495 (1,446) 14,516 (1,299) 1,679 (1,073) 2,158 (1,545) 4,317 (2,243) 

Africa 12,349 (1,481) 14,514 (1,310) 1,918 (1,127) 2,159 (1,502) 4,317 (2,126) 

Amazon 12,723 (1,368) 14,580 (1,211) 1,439 (1,003) 2,158 (1,534) 4,556 (2,250) 

TWP 13,657 (1,256) 15,169 (1,039) 1,200 (858) 2,638 (1,761) 5,276 (2,420) 

E.P. ITCZ 12,747 (1,136) 14,235 (992) 1,439 (759) 2,398 (1,516) 4,557 (2,213) 

Atlantic ITCZ 12,647 (1,021) 14,078 (943) 1,199 (689) 2,158 (1,471) 4,317 (2,162) 
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Table 3.2. Correlation coefficiencies between different cloud and convective properties.     
 

 Whole Tropics Land Ocean 
CTH vs LNB 0.78 0.70 0.83 

CTH vs ETH 0 dBZ 0.66 0.73 0.63 
CTH vs ETH 10 dBZ 0.47 0.56 0.43 
LNB vs ETH 0 dBZ 0.52 0.53 0.53 

LNB vs ETH 10 dBZ 0.35 0.40 0.35 
OSD vs ETH 0 dBZ 0.12 0.16 0.08 

OSD vs ETH 10 dBZ 0.11 0.12 0.08 
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Table 3.3.  Normalized occurrence frequencies of OSC for the three stages. 
 

 All Cases 
Ocean Land 

Noon (13:30) Midnight (1:30) Noon (13:30) Midnight (1:30) 
Growing 66.2% 74.1 % 74.7 % 66.0 % 72.7 % 
Mature 33.4% 25.8 % 24.9 % 33.5 % 26.6 % 

Dissipating 0.4% 0.1 % 0.4 % 0.4 % 0.7 % 
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Table 3.4. Median values of ETH, OSD, and CTETD for the OSC events enbeded in the 
growing and mature stagese of the CSs. Numbers in the parentheses are the standard deviations.  
Unit [m]   
 

Median (STD) Ocean/Land ETH 0 dBZ ETH 10 dBZ OSD CTETD 0 dBZ CTETD 10 dBZ 

Growing Ocean 12,075 (1,987) 9,448 (2,296) 1,114 (523) 2,533 (1,471) 5,036 (1,983) 
Land 12,143 (2,051) 9,747 (2,219) 1,558 (919) 2,222 (1,285) 4,653 (1,880) 

Mature Ocean 11,200 (2,044) 8,903 (2,465) 1,106 (585) 2,744 (1,512) 5,120 (2,103) 
Land 11,602 (2,210) 9,470 (2,415) 1,559 (832) 2,278 (1,473) 4,588 (1,842) 
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Figure 3.1. Evolution of a CS from 00 Z to 12 Z on July 6, 2006. Green ovals are the fitting 
ellipses which highlight the westward movement of the system. The black line on the lower right 
panel (12 Z) shows the CloudSat footprint and the inlet shows the CloudSat vertical cross section 
of the CS.  

 



	
   51	
  

 
Figure 3.2. Example of overshooting features from different satellite view. MODIS (top) 
provides the plan view of the brightness temperature (a proxy of cloud top temperature), while 
CloudSat (bottom) provides vertical distribution of radar refractivity and cloud properties. The 
dotted line (top) indicates that CloudSat footprint. The black line (bottom) is the height of LNB, 
and the arrows point to the locations of the selected OSC. 
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Figure 3.3. Schematics showing the three proxies of convective strength (ETH, OSD, and 
CTETD) for strong and weak updrafts. 
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Figure 3.4. An example of the “growing stage”, “mature stage”, and “dissipating stage” 
classified by system radius and minimum brightness temperature.  The curve shows the best 
fitting based on a F-test. 
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Figure 3.5. From the top to bottom: LNB (unit: m), occurrence frequency of DC, and occurrence 
frequencies of OSC with different δ values (from 0 to 1300m). Values are the means within each 
10°× 10° grid box. Black solid boxes in the second panel are the five selected regions discussed 
in the text: tropical Africa, Amazon, tropical warm pool (TWP), eastern Pacific Intertropical 
Convergence Zone (E.P. ITCZ), and Atlantic ITCZ. 
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Figure 3.6. Box diagram for the system lifetime (left), peak system sizes reached (middle), and 
the minimum brightness temperature reached (right). The bottom and top of the boxes show, 
respectively, the 25% and 75% percentile. The central lines show the median and stars inside the 
box show the mean.  
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Chapter 4 

Vertical Distribution of Water Vapor During EP- and CP-El Niños 

The content of this chapter is conditionally accepted by J. Geophys. Res. 

 

 

4.1. Introduction 

El Niño–Southern Oscillation (ENSO) is characterized by anomalous sea surface 

temperature (SST) in the eastern-to-central equatorial Pacific. It plays an important role in 

interannual variability of global climate through strong teleconnection. Since a new type of El 

Niño named the Central Pacific (CP) El Niño or El Niño Modoki was discovered, much effort 

has been made to examine the mechanism of CP El Niño, which exhibits a unique horseshoe 

warming pattern in the equatorial central Pacific extending toward the subtropics (Ashok et al., 

2007; Kao and Yu, 2009). A number of papers have pointed out that the impacts of this new type 

of El Niño over many parts of the globe are different from those of the canonical Eastern Pacific 

(EP) El Niño (Latif et al., 1997; Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009; Weng et 

al., 2007; Weng et al., 2009; Kim et al., 2009). Furthermore, Kao and Yu (2009) emphasized that 

the EP El Niño is a cyclic oscillation coupled with basin-wide thermocline and surface wind 

variations and has strong teleconnection with the tropical Indian Ocean, while the CP El Niño is 

an event associated with atmospheric forcing rather than changes in thermocline and has stronger 

teleconnection with the Southern Indian Ocean.  

The variations of cloudiness and cloud radiative forcing (CRF) during ENSO have been 

examined extensively (Ramanathan and Collins, 1991; Zhang et al., 1996; Cess et al., 2001; 

Allan et al., 2002). A recent study by Su and Jiang (2013) (hereinafter referred to as SJ13) 
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showed that the variations of tropical cloud vertical structure, CRF, and circulation during the 

2006-07 El Niño (moderate EP El Niño) are strikingly different from those of the 2009-10 El 

Niño (strong CP El Niño). In terms of the tropical mean, for example, during the 2006-07 El 

Niño, the intensity of tropical circulation (primarily the Walker circulation) becomes weaker, 

with the amount of mid-high (low) clouds increases (decreases), and a net cloud warming effect 

(0.2-0.5 W/m2) is found. On the contrary, during the 2009-10 El Niño, the intensity of tropical 

circulation (primarily the Hadley circulation) becomes stronger, with the amount of mid-high 

(low) clouds decreases (increases), and a net cloud cooling effect (0.6-0.7 W/m2) is found. 

Moreover, SJ13 found that the variations of clouds and circulation during the two El Niños are 

more dominated by the magnitude than the pattern of anomalous SST. To further identify the 

different characteristics of the two types of El Niños, it is of interest to investigate variations in 

water vapor associated with the two ENSO events. 

Water vapor is an important component of the atmosphere. It is a highly variable trace 

constituent of the atmosphere; it is also the primary contributor to the atmospheric greenhouse 

effect (Manabe and Wetherald, 1967). When water vapor condenses, a warming occurs due to 

the release of latent heat. In deep convection, the warm air parcel rises and develops into large 

cumulonimbus clouds, and then detrains at the upper troposphere.  As such, water vapor plays an 

important role in energy balance and subsequently affects atmospheric circulation. As the CP El 

Niño has been more frequent than the EP El Niño since the 1980s (Latif et al., 1997; Ashok et 

al., 2007; Kao and Yu, 2009; SJ13), it is useful to document how the atmospheric moisture 

changes during the CP El Niño differ from those during the EP El Niño. The primary purpose of 

this paper is to reveal the variations of the vertical distributions of water vapor and its relation to 

clouds during the two different types of El Niño events. The data used are water vapor profiles 
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from the Atmospheric Infrared Sounder (AIRS) for the lower-to-middle troposphere (LT/MT) 

and from the Microwave Limb Sounder (MLS) for the upper troposphere to lower stratosphere 

(UT/LS). In parallel to SJ13, vertical distributions of water vapor in meridional and zonal planes 

during the 2006-07 and 2009-10 El Niños are analyzed first.  Next, using the conditional 

sampling approach as in Bony et al. (2004), we examine how water vapor variations are 

connected to changes in large-scale circulation. We also compare the water vapor variations with 

those of clouds represented by CloudSat/CALIPSO cloud fraction (CFr) anomalies and CloudSat 

cloud water content (CWC) anomalies shown in SJ13.  

Moreover, Geophysical Fluid Dynamics Laboratory (GFDL) AM2.1 model simulations of 

water vapor and clouds are examined and compared with the satellite observations. We evaluate 

how realistically the two El Niño events are simulated in the model and diagnose the 

discrepancies between the model simulation and the observations. The vertical structures of 

water vapor and clouds are important for radiation balance and thus climate. Climate models' 

skills in simulating the vertical structure of clouds and water vapor are far from satisfactory 

(Jiang et al., 2012; Su et al., 2013; Tian et al., 2013), while the model simulated interannual 

anomalies of water vapor and clouds have not been rigorously tested. At the time of the analysis, 

only GFDL AM2.1 was available to us to conduct a multi-year simulation driven by the observed 

SST that included the 2006-07 and 2009-10 El Niños. The comparison of model results with the 

observations helps to identify model weaknesses and guide future model improvements. Our 

diagnosis of model errors helps to identify the sensitive geographical regions for the tropical-

mean interannual anomalies and the important teleconnection processes that determine the 

tropical-mean water vapor response during El Niños. 
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Finally, we regress the water vapor anomalies at each pressure level onto the Niño-3.4 SST 

(5°S -5°N and 190 - 240°E) using the data over the entire observational period of Aqua and Aura 

to extract the general features of water vapor response to ENSO SST forcing (focusing on the 

vertical variation of water vapor anomalies), and to quantify the average magnitude of water 

vapor response to the SST warming. In this paper, we focus on the ENSO responses over   

tropical ocean. The interannual anomalies over land are deferred to the future.  

The rest of the paper is organized as follows. Section 4.2 describes the analysis methods 

and data used. Results and interpretations are presented in Section 4.3. Section 4.4 summarizes 

the study. 

 

4.2. Data and analysis methods 

AIRS on Aqua was launched in 2002, which carries a nadir-scanning sounder together with 

infrared and microwave retrievals (Aumann et al., 2003). It has 2378 IR channels in the spectral 

range from 3.74 to 15.4 µm and its footprint is approximately 13.5 km at nadir. The AIRS 

provides rich and accurate information about the atmosphere (water vapor, temperature, and 

minor gases such as CO2, CO, CH4, O3, and SO2) with the purpose of improving weather 

forecasting and studying water and energy cycle (Le Marshall et al., 2005). Chahine et al. (2006) 

provide a detailed overview of the AIRS data. We use AIRS version 5, Level 3 water vapor 

product AIRX3STD (Olsen et al., 2007) whose spatial resolution is 50 km, but aggregated on 

1°×1° (longitude × latitude) grids. The estimated water vapor uncertainly is 25% in the tropics 

and the usable altitude range over the ocean is from 1000 hPa to 300 hPa (Jiang et al., 2012).  

MLS on Aura was launched in 2004, designed to observe chemical constituents from the 

UT/LS by thermal emission from the atmospheric limb centered near 118, 190, 240, and 640 
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GHz, and 2.5 THz (Waters et al., 2006). It produces vertical profiles of atmospheric water vapor, 

temperature, cloud ice, and chemical tracers such as CO and O3, etc. Its retrievals are horizontally 

spaced by 167 km along the orbital track (Waters et al., 2006), and the detailed retrieval 

methodology is described in Livesey et al. (2006). We use MLS Version 3, Level 2 water vapor 

product (Livesey et al. 2011). The vertical resolutions of the MLS water vapor are ~3.0 km, with 

20% uncertainties at 215 hPa and 10% at 100 hPa. (Read et al. 2007; Jiang et al. 2010). To 

ensure best quality of data, we use the water vapor from AIRS at and below the 300 hPa pressure 

level and water vapor from MLS above the altitude of 300 hPa. For combined AIRS and MLS 

water vapor profiles, we use the data from 2004 to 2011, including 7 DJFs. 

For cloud profiles, the CloudSat radar and Cloud-Aerosol Lidar and Infrared Pathfinder 

Satellite Observations (CALIPSO; Winker et al. 2003) combined CFr from 2B-GEOPROF-

LIDAR are used together with the CWC produced by SJ13 from CloudSat Level 2BCWC-RO. 

The CloudSat and CALIPSO were launched in April 2006 (Stephens et al. 2008). The former 

satellite carries a 94-GHz cloud profiling radar (CPR; Im et al. 2006) that is sensitive to both 

cloud-size and precipitation-size particles and the latter is sensitive to optically thin clouds, 

which CPR might not capture. Combined CloudSat and CALIPSO measurements thus offer 

effective global survey of cloud vertical profile from deep convection to thin high clouds. The 

footprint of these data is 1.7 km along track and 1.3 km cross track, and the vertical resolution is 

480 m (Stephens et al., 2002).  

Aqua, Aura, CALIPSO and CloudSat are all members of the A-Train constellation 

(L'Ecuyer and Jiang, 2010), flying in a sun-synchronous orbit with an equator crossing time 

around 1:30 am/pm. Aqua leads Aura by about 8 minutes (Stephens et al., 2002). CALIPSO 

follows Aqua by 1-2 minutes and CloudSat by 10-15 seconds (Sun-Mack et al., 2007). 
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Following the satellite data analysis, we examine the simulated water vapor responses to 

the two El Niños in the GFDL AM2.1 model driven by the observed SST from 2005 to 2012.  

GFDL AM2.1 is an atmosphere-only model. It has high skills in reproducing dynamical response 

to tropical SST variability (including ENSO) (Lau et al. 2006) and consistently ranked among 

the top models with regard to the skills in simulating tropical variability (Annamalai et al. 2007). 

Su et al. (2011) evaluated the cloud simulations in one version of AM2 for the period of October 

2006 to September 2007 using CloudSat data. However, the AM2.1 performance for the vertical 

structures of water vapor and clouds during the two recent El Niños has not been examined. The 

horizontal resolution is 2.5°×2° (longitude × latitude). It has 24 vertical levels: the lowest level is 

about 30 m above the surface, nine full levels are in the lowest 1.5 km above the surface, and 

five levels are in the stratosphere with the highest level at about 3 hPa (Anderson et al., 2004). 

This model uses 3 hourly intervals for atmospheric radiation and 0.5 hourly intervals for other 

atmospheric physics. A diurnal cycle of insolation is included in this model (Delworth et al., 

2006). The model has a moist bias in the upper tropospheric relative humidity compare to 

Television and Infrared Observation Satellite (TIROS) Operational Vertical Sounder (Anderson 

et al., 2004).  

As water vapor distribution strongly depends on temperature and altitude (it decreases by 

four orders of magnitude from the surface to the tropical tropopause), we mainly use water vapor 

fractional change (%), that is, the ratio of the change in specific humidity to the layer-averaged 

specific humidity, rather than changes in actual water vapor amounts (ppmv). Also, as El Niño 

warming is generally maximized in boreal winter, we focus on analyzing the water vapor 

anomalies averaged for December, January, and February (DJF). We use the methodology 

introduced by Bony et al. (2004) to understand the linkage between the water vapor distribution 
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and large-scale circulation. Fundamentally, water vapor and convection are controlled by 

thermodynamics (e.g., Clausius-Clapeyron (CC) relationship) and dynamics (e.g., rising or 

sinking motion), respectively. From a large-scale perspective, both dynamics and 

thermodynamics play an important role in affecting clouds and water vapor (Bony et al., 2004). 

In this framework, ω500, mid-tropospheric vertical pressure velocity at 500 hPa, is used as a 

proxy of local dynamic condition, and water vapor is treated as a function of ω500 weighted by 

the probability density function of each ω500 regime. We use the following equation: 

  

where Qω  is the water vapor in a regime of the value ω and Pω is the probability distribution 

function of the regime ω. We use ω500 from the European Centre for Medium-Range Weather 

Forecasts (ECMWF) ERA-interim reanalysis dataset and define 20 bins of ω500 with the bin 

interval of 10 hPa/day. In such a framework, anomalies of water vapor ( ) can be 

decomposed into a dynamic component ( ), a thermodynamic component ( ), and 

co-variation between the two ( ). Note that δQω and δPω are anomalies from their 

climatological means.   

 

4.3. Results  

4.3.1. Comparison between the 2006-07 and 2009-10 El Niños 

4.3.1.1. Tropical-mean anomalies of water vapor  

Figure 4.1a shows the tropical-mean (30°S-30°N) water vapor fractional change for the two 

El Niños from the surface to 100 hPa with the error bars centered at 

zero, indicating the interannual fluctuations. In terms of tropical mean, both El Niños strongly 

hydrate the upper troposphere around 200 hPa level (by ~10%) and slightly dehydrate around 

δ(QωPω ) =Qω ⋅δPω +Pω ⋅δQω +δQω ⋅δPω

δ(QωPω )

Qω ⋅δPω Pω ⋅δQω

δQω ⋅δPω
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700 hPa level. The moistening around 200 hPa exceeds one standard deviation during the 2009-

10 El Niño, close to 0.09. We call it “upper tropospheric amplification” of water vapor response 

to the SST warming. Considering the greenhouse effect of water vapor is mostly sensitive to the 

upper tropospheric water vapor (Soden et al., 1995), the amplified UT water vapor response to 

SST warming further underscores the importance of UT water vapor in global energy and water 

cycles. Earlier studies suggested that the upper tropospheric moistening is closely associated 

with deep convection (Betts, 1990; Sun and Lindzen, 1993; Su et al., 2006; Soden and Fu, 1995) 

and the variations of UT water vapor is positively correlated with SST (Su et al., 2006; Luo et 

al., 2012). However, a close examination of water vapor changes during the two El Niños reveal 

nonlinear relations between tropical-mean water vapor, convection (represented by clouds) and 

SST anomalies. 

During the 2009-10 El Niño, water vapor anomalies are positive over most of the 

troposphere (Figure 4.1a) although both CWC and CFr anomalies at middle-to-upper troposphere 

(600 to 100 hPa) are negative (Figures 4.1b and c). The 2006-07 El Niño, on the contrary, 

experienced the same sign of water vapor and cloud anomalies throughout the troposphere.  

Obviously, the tropical-mean water vapor changes are not simply correlated with the amount of 

cloud changes. Furthermore, the magnitudes of water vapor changes during the two El Niños are 

not proportional to the magnitude of SST anomalies, either. During the 2009-10 El Niño, the 

tropical-mean SST anomalies (0.23 °C) is about twice as high as that during the 2006-07 El Niño 

(0.12 °C), while their water vapor fractional changes do not differ by a factor of 2.  Assuming 

tropical-mean relative humidity stays at the climatological mean value (this is the so-called 

“constant relative humidity” assumption) and tropospheric temperature changes following moist 

adiabats, the hypothetical water vapor fractional changes would look like Figure 4.1d, with the 
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water vapor anomaly differences between the two El Niños proportional to the their SST 

anomalies. The apparent discrepancy of Figure 4.1d from Figure 4.1a motivates us to explore the 

water vapor changes in a detailed 3-dimentional view as we discuss in the following sections. It 

also suggests that the “constant relative humidity” assumption does not hold on interannual time 

scales. Previous studies indicated that the variations in tropical or global mean relative humidity 

can have important effects on global hydrological cycles (e.g. Richter and Xie, 2008).   

 

4.3.1.2. Zonal and meridional structures of water vapor anomalies 

Figures 4.2 and 4.3 display the meridional-mean (10°S-10°N) and zonal-mean (0-360°E) of 

water vapor anomalies (in color shadings) over ocean, respectively, together with anomalies of 

CFr (in contours). In both figures, the left panels show the results from satellite observations, and 

the right panels show the model simulations. 

On the longitude-height cross-section, the 2006-07 El Niño (Figure 4.2a) produces 

moderately positive fractional changes of H2O over the western Indian Ocean (45 - 70°N) and 

the central Pacific (160 - 200°E), especially near the dateline.  Over the eastern Indian (70 - 

90°E) and the western Pacific (100 - 150°E) we see moderately negative moisture anomalies. In 

contrast, the 2009-10 El Niño (Figure 4.2b) has a widespread strong moistening across the 

central to eastern Pacific with a strong hydration near the dateline at 300-200 hPa. Strong 

negative anomalies are observed over the western Pacific and maritime continents, peaking at 

400 hPa. Positive anomalies occur over the eastern Indian Ocean. For both El Niño events, the 

pattern of water vapor anomalies is similar to that of CFr; however, some differences are 

outstanding during the 2009-10 El Niño. First, the peak heights of both negative and positive 

water vapor anomalies are lower than those of CFr. Second, while water vapor has positive 
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anomalies over the eastern Indian, such positive anomalies are not observed in CFr. We have 

also compared the water vapor anomalies to CWC anomalies during the 2009-10 DJF and found 

that negative CWC anomalies are observed over most of the eastern Indian with a very narrow 

band of positive anomalies (SJ13). The balance between the moistening due to the evaporation of 

ice particles and the drying due to the detrainment from cold overshooting turrets is a subject that 

warrants further investigation.  

During the 2006-07 El Niño, the difference between the satellite observation (Figure 4.2a) 

and GFDL model (Figure 4.2c) is outstanding in terms of amplitude. The modeled simulated 

alternating positive and negative moisture anomalies from the eastern Pacific (200° -270°E) to 

the western Indian Ocean (45-70E) are about two times stronger than the satellite observations. 

During 2009-10 El Niño, the differences between the modeled and observed water vapor 

anomalies are mainly over the eastern Indian Ocean (45-90E), where opposite signed anomalies 

are shown for the observation (Figure 4.2b) and the AM2.1 simulation (Figure 4.2d). In addition, 

the peak altitudes of CFr anomalies from the CloudSat/CALIPSO retrieval are much higher than 

the GFDL AM2.1 simulation for both El Niños, which could be mitigated by using 

CloudSat/CALYPSO simulator cloud fraction if available (Su et al., 2013).  Despite of the 

deficiencies mentioned above, the GFDL AM2.1 captures the general pattern of water vapor 

responses to the ENSO SST forcing. 

On the latitude-height cross-section, the differences in the positive water vapor anomalies 

between the two El Niños (Figures 4.3a and 4.3b) are not as distinctive as those in the negative 

anomalies. Except for the facts that anomalous moistening is slightly shifted toward the north of 

the equator during the 2006-07 El Niño but toward the south of the equator during the 2009-10 

El Niño and that the boundary layer moistening is more pronounced during 2009-10 El Niño, the 
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moistening of the atmosphere in response to the two El Niño events are very similar. The peak 

heights of increasing water vapor are found around 200 hPa in both El Niño events, which are 

associated with cloud ice detrainment.  In contrast, the differences of anomalous drying in 

response to the two El Niños are rather outstanding. First, the magnitude of drying anomalies 

over the northern hemisphere during the 2009-10 El Niño is much stronger than that during the 

2006-07 El Niño, especially over the 7-20°N zone. Second, the anomalous drying is widely 

spread over 15-30°S during the 2009-10 El Niño, while a mixture of anomalous moistening and 

drying are found for the 2006-07 El Niño. These differences are consistent with the distribution 

of CWC anomalies, which exhibit a broadly strong positive anomaly to the north of the equator 

during the 2006-07 DJF but a narrowly distributed cloud enhancement to the south of the equator 

during the 2009-10 DJF (SJ13). Negative CWC anomalies are found on the both sides of 

anomalous ascent, but they cover relatively very small areas (5-10°S and 10-15°N) during the 

2006-07 El Niño, compared to a much larger area (10-30°S and 5-30°N) during the 2009-2010 

El Niño. However, the stronger drying over the northern than the southern hemisphere during the 

2009-10 El Niño are not consistent with the negative CWC anomalies which show equally strong 

magnitudes over both hemispheres (SJ13), but are in line with the negative CFr anomalies. 

During the 2009-10 El Niño, the strength of the Hadley circulation increases (SJ13). The 

substantial drying over the northern hemisphere may be because the stronger Hadley Cell resides 

over the winter hemisphere, which produces anomalously strong sinking motion over the 

subtropics in the northern hemisphere. Water vapor and CFr anomalies appear to be more 

sensitive to the variation in the Hadley circulation than the CWC anomalies.  

The zonal-mean water vapor anomalies are very different between the satellite observation 

(Figures 4.3a and 4.3b) and the GFDL AM2.1 simulation (Figures 4.3c and 4.3d). The difference 
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in the amplitude of negative anomalies is significant in the Northern Hemisphere, where AM2.1 

simulated water vapor anomalies are much drier in the lower to middle troposphere than the 

satellite observation for the 2006-07 El Niño but reversely for the 2009-10 El Niño. The 

differences around the equator and in the Southern Hemisphere are also evident: during the 

2006-07 El Niño, GFDL AM2.1 underestimates the moistening at the equator but overestimates 

it between 10S-20S; during the 2009-10 El Niño, AM2.1 overestimates the mid-tropospheric 

moistening around the equator but underestimates the lower tropospheric drying between 10N-

20N and between 20S-30S. In addition, the observed “upper tropospheric amplification” of 

moistening at the equatorial zone is not simulated in the model. The lower altitudes of peak 

moistening could be related to the lower altitude of peak convective detrainment indicated by the 

maximum CFr anomalies.  Moreover, AM2.1 strongly overestimates the amplitude of CFr 

anomalies, by a factor of 10 in some places. It might not be very fair to demand the model to 

reproduce the zonal mean cloud anomalies because the zonal mean anomalies result from the 

compensation of large regional anomalies (Figures 4.3c and 4.3d) and are one order of 

magnitude smaller than the regional anomalies such as those shown in Figure 4.2. 

 

4.3.1.3. Water vapor anomalies sorted by large-scale circulation 

Figure 4.4 shows the water vapor profiles and their anomalies sorted by the 20 bins of ω500 

with a bin interval of 10 hPa/day for the two El Niños in the observations and in AM2.1 

simulations. In general, water vapor at all levels increases monotonically with decreasing ω500 

(except at the strongly descending regime, where the occurrence frequency is close to zero). The 

modeled 3-month (DJF) mean water vapor profiles appear to be moister than the observed at all 

vertical heights, but the variation of water vapor with ω500 is captured.  Both the 2006-07 and 
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2009-10 El Niños have anomalous moistening over strongly ascending regimes (ω500 < -75 

hPa/day). Over moderately descending regimes (20 < ω500 < 50 hPa/day), both the 2006-07 and 

2009-10 El Niños have anomalous moistening above 300 hPa; however, the 2006-07 El Niño has 

anomalous drying and the 2009-10 El Niño has strong anomalous moistening below 300 hPa. In 

between these two regimes (-75 < ω500 < 20 hPa/day), the 2009-10 El Niño has strong drying 

anomalies, whereas the 2006-07 El Niño has a mixture of both moistening and drying anomalies. 

Overall, the pattern of water vapor anomalies is similar to that of CFr anomalies in contours, 

especially during the 2009-10 El Niño (Figure 4.4d). The exception is found during the 2006-07 

El Niño over the strongly ascending regimes (ω500 < -75 hPa/day) where water vapor has positive 

anomalies, but CFr has negative anomalies (Figure 4.4c). In contrast to the similarity between 

the model simulations and the observations in terms of the seasonal mean water vapor profiles, 

the anomalies of water vapor in the ω500 regimes show large discrepancies from the observations. 

For the 2006-07 El Niño, the model overestimates the moistening and drying anomalies in the 

intermediate circulation regime (-50 < ω500 < 10 hPa/day). For the 2009-10 El Niño, the model 

simulates a broad anomalous moistening in this intermediate circulation regime, opposite to the 

observed anomaly. 

Figure 4.5 shows the three components of the fractional water vapor anomalies as a 

function of large-scale circulation regimes (Figure 4.4c and 4.4d, hereafter referred to as the total 

anomalies): the dynamic component ( ∑(QωδPω ) , a and b), thermodynamic component (

∑(PωδQω ) , c and d), and co-variation (∑(δQωδPω ) , e and f), which is small compared to the first 

two components. The AM2.1 simulations are shown together with the observations.  

Comparing the two El Niños, the differences in the dynamic component are more 

outstanding than in the thermodynamic component. The patterns of the thermodynamic 
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component for both El Niños display a ubiquitous moistening in the upper troposphere and some 

drying in the lower troposphere, with a peak around the maximum pdf (probability density 

function) of ω500 at 10-20 hPa/day. The stronger UT moistening in 2009-10 is consistent with its 

larger amplitude of SST warming. This confirms that the thermodynamic component is primarily 

controlled by SST anomalies. However, the distributions of the dynamic component for each El 

Niño are qualitatively different. In 2006-07, a complicated pattern of alternating positive and 

negative anomalies is shown (Figure 4.5a), while a clear “sandwiched” positive-negative-

positive pattern is found (Figure 4.5b) in 2009-10 with much stronger amplitudes. The dynamic 

component is driven by the pdf change of ω500. The patterns in Figure 4.5a and 4.5b are 

manifestation of the effects of large-scale circulation changes on the water vapor profiles. As 

elaborated in SJ13, the Hadley Circulation strengthens during the 2009-10 El Niño, producing 

increased moisture at the strongly ascending and descending regimes and decreased moisture at 

the intermediate regime. During 2006-07 El Niño, the Walker Circulation weakens. The pdf 

changes of ω500 yield an increase of moisture in the moderate circulation regimes accompanied 

by small-amplitude alternating anomalies in nearby circulation regimes. This dynamic 

component for 2006-07 is different from that in SJ13, because the climatological ω500 

distribution is based on the 7 years (2004-2011) instead of the 4 years (2006-2010) in SJ13.  

Table 4.1 shows the sum of the total anomalies and its three components over all vertical 

levels and over the tropical oceans for the two El Niños.  During the 2006-07 El Niño, the 

thermodynamic component (0.46) far outweighs the dynamic component (0.047) on the tropical 

mean. The pattern of the total anomalies (Figure 4.4c) is also similar to the thermodynamic 

component (Figure 4.5c). The 2009-10 El Niño seems to draw a different story: although the 

thermodynamic component (0.65) is larger than dynamic component (-0.096) on the tropical 
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mean, the pattern of the total anomalies (Figure 4.4d) is similar to the pattern of the dynamic 

component (Figure 4.5b). These results suggest that the tropical-mean water vapor anomaly is 

mostly determined by the thermodynamic factor (e.g., the temperature control), while local water 

vapor anomalies are strongly influenced by the dynamic factor such as ascent or descent 

anomalies. During the 2006-07 El Niño, the large-scale circulation changes are of weaker 

magnitude (SJ13) than during the 2009-10 El Niño. Therefore, the water vapor anomalies are 

mostly controlled by the thermodynamic factor during the 2006-07 El Niño, but they are 

dependent on both dynamic and thermodynamic changes during the 2009-10 El Niño.  

Examining the water vapor simulations in the large-scale circulation regimes reveals more 

clearly the differences between the satellite observations and model simulations. Despite the 

quantitative differences in the amplitude of moistening anomalies, the thermodynamic 

components simulated in AM2.1 are similar to the observed, because they are primarily driven 

by observed SST. On the other hand, the model simulated dynamic components deviate from the 

observations significantly for both El Niños. The model overestimates the dynamic changes in all 

circulation regimes for the 2006-07 El Niño. In the moderate ascending regime around -25 

hPa/day of ω500, the sign of anomaly is opposite to the observed. For the 2009-10 El Niño, the 

model simulated dynamic component is nearly a reversed “sandwich” compared to the observed. 

Our analysis suggests that the dynamic component associated with the interannual changes of 

large-scale circulation are difficult to simulate, while the temperature-driven thermodynamic 

component is relatively easy to reproduce as the model is driven by the observed SST. 

On the tropical-mean, the fractional water vapor anomalies in the different circulation 

regimes shows anomalous moistening in both El Niños; however, anomalous drying is found 

from the AM2.1 model simulations, especially during 2009-10 El Niño (Table 4.1). During the 
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2006-07 El Niño, the model simulated dynamic component (-0.202) outweighs the 

thermodynamic component (-0.080), and the patterns of the total anomalies (Figure 4.4g) are 

similar to the dynamic component (Figure 4.5g), which is inconsistent with the satellite 

observation. The 2009-10 El Niño, on the other hand, the model simulated thermodynamic 

component (-1.194) outweighs the dynamic component (-0.036) and the patterns of the total 

anomalies are similar to the dynamic component (Figure 4.5h), which is consistent with the 

satellite observation but with a reversed sign of anomalies. 

We analyze further the contribution of each ocean basin to the total anomalies and find that 

the discrepancy between the satellite observation and model simulation predominantly lies in the 

Indian Ocean. Figure 4.6 shows the same analysis applied to the Indian Ocean only. The model 

simulation shows nearly opposite anomalies in ascending regimes to the observation for both El 

Niño events. ENSO excites strong teleconnection into the tropical Indian Ocean where a basin-

wide warming usually occurs during El Niño (Klein et al. 1999; Du et al. 2009). Thus, the Indian 

Ocean experiences local SST forcing and remote ENSO teleconnection. Atmospheric GCMs 

tend to respond excessively to local Indian Ocean SST anomalies (Kumar and Hoerling, 1998), 

leading to errors in tropical-mean cloud and water vapor anomalies.  To understand why the 

model fails to reproduce the water vapor response over the Indian Ocean, sensitivity model 

experiments are needed and more El Niño events should be examined. 

 

4.3.2. Regression analysis of water vapor anomalies on the Niño-3.4 SST  

Since the two El Niños examined might not represent averaged water vapor response to the 

SST forcing, we expand the analysis to the 8-year AIRS/MLS water vapor over the entire 

overlapped Aqua/Aura period (2004-2011). Regression of water vapor mixing ratio anomalies 
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(Figure 4.7, Left) and relative humidity (RH) anomalies (Figure 4.7, Right) onto the Niño-3.4. 

SST (5°S -5°N and 190 - 240°E) is conducted. The vertical profiles of regression coefficients for 

the fractional water vapor (Figure 4.8, Left) and RH (Figure 4.8, Right) are further examined 

over the western Pacific (10°S -10°N and 100 - 150°E) and the central Pacific (10°S -10°N and 

160 - 200°E) separately, where the most pronounced negative and positive cloud anomalies are 

observed, respectively, during the two ENSO events, together with those for the whole tropics 

(30°S -30°N).  

The spatial maps (Figure 4.7) show that water vapor and Niño-3.4 SST are positively 

correlated over the central Pacific (except at 100 hPa) and negatively correlated to the northwest 

and southwest of the central Pacific, forming a “horse-shoe” pattern. Spatial distributions of 

regression for water vapor mixing ratio and RH are broadly similar in the LT/MT (900-215 hPa). 

However, they look very different at 100 hPa. This is because near the tropopause, water vapor 

and RH variations are highly controlled by temperature, which produces an opposite sign of 

anomaly compared to the levels below. From Figure 4.8, we can clearly see the “upper 

tropospheric amplification” of water vapor response to SST warming, which is consistent with 

the two particular El Niños, especially over the central Pacific.  This confirms that although 

water vapor is more abundant at the surface, the tropical upper troposphere moistens up at a 

faster rate in the fractional sense than the surface during El Niños. Su et al. (2006) pointed out 

that the rate of UT water vapor increase with SST is about 3 times of that implied by the CC 

equation (7% /C). A previous study by Chuang et al. (2010) showed the fractional increase rate 

of water vapor with SST (q-1dq/dSST) is ~0.18/C at 250 hPa when q is averaged over whole 

tropics and SST is averaged over convective regions by using AIRS data. Luo et al., (2012) 

analyzed MOZAIC (Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft) 
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data and found that the q-1dq/dSST in the vicinity of deep convective outflow is ~0.16/C at 262 

hPa and ~0.18/C at 238 hPa. The fractional increase rate of water vapor with Niño-3.4. SST (q-

1dq/dSST3.4) is the highest over the central Pacific around 200 hPa (0.28/C), which is much 

higher than those from Chuang et al. (2010) and Luo et al., (2012). On the other hand, the 

western Pacific experiences anomalous drying over most of the troposphere, which partially 

compensates the moistening in the central Pacific, leading to rather small changes in the tropical-

mean water vapor (within one standard deviation of regression fitting), except in the UT. The 

tropical-mean relative humidity regression with Niño-3.4 SST is also insignificant with a 

relatively large amplitude in the UT.   

 

4.4. Summary and discussion 

This study examines the vertical distribution of water vapor anomalies during the two 

different types of El Niños, EP and CP El Niños, following the study of SJ13. SJ13 showed that 

tropical-mean cloud responses to the two El Niño are nearly opposite in terms of anomalous 

cloud vertical profiles and TOA (top of atmosphere) cloud radiative forcing. The large-scale 

circulation changes are also drastically different during the two El Niños (SJ13). In this study, 

we compare the vertical structures of water vapor anomalies during the two El Niños in both 

conventional geographical space and large-scale circulation regimes.  We further decompose the 

water vapor anomalies into the dynamic and thermodynamic components to delineate the 

physical mechanisms that drive the water vapor changes. GFDL AM2.1 model simulations of 

water vapor and CFr are examined and compared with the satellite observations. Besides 

analyzing the two El Niños, we also conduct a regression analysis of the water vapor and relative 

humidity profiles onto the Niño-3.4 SST use the 8-year AIRS/MLS observations to obtain an 
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ensemble behavior of tropical water vapor response to El Niño SST warming. The principal 

findings are as follows: 

1. In terms of tropical mean, both El Niños strongly hydrate upper troposphere around 200 

hPa and slightly dry out around 700 hPa, and lower tropospheric (1000 to 800 hPa) 

moistening is observed only during the 2009-10 El Niño. Although both CFr and CWC in 

the middle-to-upper troposphere have negative anomalies during the 2009-10 El Niño, 

water vapor anomalies are positive from 600 to 100 hPa.  

2. The tropical-mean water vapor anomalies are primarily controlled by the thermodynamic 

component (i.e., temperature anomalies), while local anomalies are governed by both the 

thermodynamic and dynamic components (i.e., circulation changes). The large-scale 

circulation changes have a strong influence on water vapor anomalies in the 2009-10 El 

Niño, but have a relatively weak role in the 2006-07 El Niño.  

3. A clear “upper tropospheric amplification” of the fractional water vapor change to El Niño 

is found The rate of increase of water vapor with Niño-3.4 SST exceeds the CC value of 

7%/C and is the highest around 200 hPa (28%/C) over the central Pacific where enhanced 

convection is observed. The tropical-mean relative humidity change is about 1%/C, within 

the one standard deviation. 

4. In terms of zonal/meridional means, GFDL AM2.1 model simulates the general patterns of 

water vapor response to the ENSO SST forcing. However, GFDL AM2.1 does not 

reproduce the strong moistening effect at 200 hPa where convective detrainment preferably 

occurs. Instead, the model simulated maximum CFr anomalies are found between 300 to 

700 hPa level, lower than the observed maximum detrainment level.  
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5. The model is able to reproduce the thermodynamic component of water vapor anomalies, 

but does not capture the dynamic component associated with large-scale circulation 

changes. A critical region that dominates the model errors is found to be the Indian Ocean 

where the model probably overestimates the response to local SST anomalies but 

underestimates the teleconnection influence on regional water vapor. To better understand 

this deficiency, further analysis and additional model sensitivity experiments are needed to 

understand the model performance and improve model simulations of ENSO responses. 
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Table 4.1. The sum over all vertical levels and over the tropical oceans for fractional water vapor 
(H2O) anomalies in the different circulation regimes (δ(QωPω)) and the dynamic component 
(QωδPω), thermodynamic component (PωδQω), and co-variation (δQωδPω) during 2006-07 and 
2009-10 El Niños. 
 

 Satellite Observation GFDL Model Simulation 
Sum 2006-07 El Niño 2009-10 El Niño 2006-07 El Niño 2009-10 El Niño 

δ(QωPω) 0.51 0.55 -0.26 -1.21 
QωδPω 0.047 -0.096 -0.202 -0.036 
PωδQω 0.46 0.65 -0.08 -1.194 
δQωδPω 0.0025 0.0020 -0.019 -0.02 
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Figure 4.1. Tropical-mean (30°S-30°N) anomalies of water vapor fraction (a) with the error bars 
(std) centered at zero, cloud water content (b), cloud fraction(c), and hypothetical water vapor 
(H2O) fraction changes under “constant relative humidity” assumption (see text for details) (d) 
for two El Niños at different pressure levels. Blue line represents during the 2006-07 El Niño and 
magenta line represents during the 2009-10 El Niño.  
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Figure 4.2. Longitude-height section of tropical-mean (10°S-10°N) anomalies during the DJF 
2006-07 El Niño and the DJF 2009-10 El Niño from satellite observations (a, b) and model 
simulations (c, d). Shadings represent fractional water vapor (H2O) and contours represent cloud 
fraction (CFr). 
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Figure 4.3. Latitude-height section of zonal mean (0-360°E) anomalies during the DJF 2006-07 
El Niño and the DJF 2009-10 El Niño from satellite observations (a, b) and model simulations (c, 
d). Shadings represent fractional water vapor (H2O) and contours represent cloud fraction (CFr).  
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Figure 4.4. Water vapor sorted as a function of vertical pressure velocity at 500 hPa, ω500 (a, b, 
e, and f) and fractional water vapor (H2O) anomalies as a function of ω500 weighted by 
probability density function of each regime (c, d, g, and h) during the DJF 2006-07 El Niño (left 
panel) and during the DJF 2009-10 El Niño (right panel). The solid curves in (a), (b), (e), and (f) 
are probability density function of each regime. Line contours in (c), (d), (g), and (h) represent 
cloud fraction (CFr) (unit: 10-3 %). (a)-(d) are from satellite observations and (e)-(h) are from 
model simulations. 

 

 

 

Pr
es

su
re

 (h
Pa

)
(a) DJF 2006−07 Obs

100

300

500

700
900

 −50 0 50  

(b) DJF 2009−10 Obs

 −50 0 50  
(c) DJF 2006−07 Obs

Pr
es

su
re

 (h
Pa

)

t500 (hPa/day)

0

0

0
0

0

5

5

5

10
15

−5

−50

0

0
0

0

 −50 0 50  

100

300

500

700
900

(d) DJF 2009−10 Obs

t500 (hPa/day)

0 0

0

0 0

0

5

5

5

5

5

10 10

1015

15

15

20

−20 −15
−10

−10

−5

−5 −50 0

0

0 0

0

 −50 0 50  

(e) DJF 2006−07 AM2.1

 −50 0 50  

(f) DJF 2009−10 AM2.1

 

 

Q
w p

pm
v 

(lo
gs

ca
le

)

2

4

6

8

10

 −50 0 50  
0

0.05

0.1

0.15

0.2

P w

(g) DJF 2006−07 AM2.1

t500 (hPa/day)

0

0

0

00 0

0

0

0

0

0

0

5

5

5

5

5

10

10

15

15
−10

−10

−5

−5

−5

−5

−5
−5

−5

0

0

0

00 0

0

0

0

0

0

0

 −50 0 50  

(h) DJF 2009−10 AM2.1

t500 (hPa/day)

0

0

0 0

0

0

5 5

5
5

5

5

1015−15

−15

−10

−10

−10

−10

−5

−5

−5

−5

−5

0

0

0 0

0

0

 

 

 −50 0 50  

fra
ct

io
na

l b
(Q

wP w)

−0.03

−0.02

−0.01

0

0.01

0.02

0.03



	
   81	
  

 
Figure 4.5. Three components, dynamic component (a, b, g, and h), thermodynamic component 
(c, d, i, and j), and co-variation (e, f, k, and l), of fractional water vapor anomalies changes as a 
function of ω500 during the DJF 2006-07 El Niño and during the DJF 2009-10 El Niño. (a)-(f) are 
from satellite observations and (g)-(l) are from model simulations. 
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Figure 4.6. Same as Figures 4c and 4d (left panel) and Figures 6c and 6d (right panel) but 
limited the region over the Indian Ocean. 
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Figure 4.7. Regressions of water vapor mixing ratio anomalies [ppmv/C] (left panel) and relative 
humidity anomalies [%/C] (right panel) onto the Niño-3.4 SST at four vertical levels. Black box 
is the area of Niño-3.4. SST (5°S -5°N and 190 - 240°E). 
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Figure 4.8. Regression of the fractional change in water vapor (left panel) with the error bars (σ) 
centered at zero and relative humidity anomalies (right panel) over tropics (black line: 30°S -
30°N), western Pacific (blue line: 10°S -10°N and 100 - 150°E) and over central Pacific (read 
line: 10°S -10°N and 160 - 200°E). 
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Chapter 5 

Conclusions and Future Works 

 

5.1. Summary of results 

This thesis explores A-Train observations (e.g., CloudSat, AIRS, and MLS) and  ISCCP 

CT data to seek new insights into tropical overshooting convection (OSC), convective outflow, 

and water vapor variations. Specifically, three subjects are identified for detailed studies: 1) 

observational determination of level of neutral buoyancy (LNB) for deep convection and 

comparison with the prediction based on the parcel theory, 2) characters and life stage view of 

tropical overshooting convection (OSC), and 3) vertical distribution of water vapor and clouds 

during two different types of El Niños: East Pacific –and Central Pacific. Here, we summarize 

the main findings.  

 

5.1.1. Observational determination of LNB from CloudSat 

In Chapter 2, we reconsidered the validity and applicability of LNB_sounding by 

introducing a new method for finding the LNB_observation directly from CloudSat. A near-

global survey of LNB_observations (LNB_CTH, LNB_CHB, and LNB_maxMass) for tropical 

deep convection was made and comparison with the corresponding LNB_sounding is conducted. 

There are four primary findings. First, LNB_sounding can be used to identify the highest 

detrainment level (upper bound for convective detrainment), yet the correlation between 

LNB_sounding and LNB_CTH is poor (0.29). As a result, LNB_sounding itself cannot predict 

actual LNB precisely. Second, LNB_sounding is more than 3 km higher than the maximum mass 

detrainment level (LNB_maxMass). LNB_sounding clearly overestimates the level of convective 
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mass transport. Third, all three forms of LNB_observation are higher over land than over the 

ocean. On the other hand, there is not much land-ocean variation in LNB_sounding. 

Consequently, differences between LNB_observation and LNB_sounding are smaller over land 

than ocean because continental deep convection manages to detrain mass at a higher level, closer 

to the LNB derived from the sounding. Our results also show that oceanic convective systems are 

larger than continental convective systems, while the convective cores embedded in deep 

convection are larger over land than over ocean. Finally, we evaluated convective entrainment 

rate using an entraining plume model. The mean bulk entrainment rate for LNB_CTH, 

LNB_maxMass, and LNB_CBH are 3%/km, 6%/km, and 10%/km, respectively. Those values 

are slightly smaller over land than over ocean. 

 

5.1.2. Tropical overshooting convection from a satellite perspective 

Chapter 3 focuses on using CloudSat data together with the ISCCP CT database to 

characterize tropical OSC and the cloud systems in which they are embedded. OSC features are 

selected by the following assumptions: 1) CTH ≥ 10000 m; 2) CBH ≤ 2000 m; 3) continuity in 

radar echo from CBH to CTH; 4) CPR Cloud Mask ≥ 20; and 5) CTH > LNB + 500m. The 

occurrence frequency of OSC is approximately 0.46% over the entire tropics. Our results show 

that approximately 21.3% of tropical DC has overshooting tops, which is generally consistent 

with statistics obtained in previous studies using IR measurements. Continental convection has a 

slightly higher frequency of overshooting tops relative to oceanic convection. 

We analyze various parameters to characterize cloud vertical extent (CTH), convective 

intensity (ETH, OSD and CTETD), and convective environment (LNB). Our results show that 

the vertical development of OSC tends to scale with LNB and that the convective strength and 
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cloud depth are closely related. Our results confirm that independent proxies of convective 

strength agree with each other fairly well, showing that tropical Africa has the strongest 

convective intensity among all the regions, which is consistent with our general understanding of 

tropical deep convection.  

The distribution of maximum radius size (max R) and lifetime are similar over ocean and 

land, while the differences in the distribution of minimum brightness temperature (min Tb) 

between oceanic and continental convection are more significant: continental convection tends to 

have colder min Tb than oceanic convection. The normalized occurrence frequencies of OSC 

embedded in three stages of convection (defined as the total number of OSC embedded in each 

stage divided by the lifetime duration of each stage) reveals that OSC occurs predominantly 

during the growing stage of the CSs (~ 66.2% of all overshooting cases). The mature stage 

comes second (~33.4%). Only a very few cases (~ 0.4%) are found during the dissipating stage. 

Our proxies for convective strength from CloudSat also show that the vertical intensity of OSC 

at the growing stage is generally stronger than that at the mature stage. We further applied this 

analysis for convection over land versus over ocean and for local noon (1:30 p.m.) versus local 

midnight (1:30 a.m.). Result show that there is little variation between noontime and midnight 

over ocean but large variations over land.  OSC at the mature stage is more abundant over land 

during noontime, which is due to the strong diurnal forcing from surface heating (intense heating 

during noon and nocturnal cooling). 

 

5.1.3. Vertical distribution of water vapor during EP- and CP-El Niños 

Water vapor is an important component of the atmosphere that interacts closely with 

convection. The water vapor distributions during the two different El Niño events, an EP-El Niño 
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(2006-7 DJF) and a CP-El Niño (2009-10 DJF), were analyzed together with CFr and CWC. 

These results were then compared with GFDL AM2.1 model simulations of water vapor and 

clouds to evaluate how realistically the model simulates the two El Niño events. Our results 

show that both El Niños strongly hydrate the upper troposphere around 200 hPa and slightly dry 

out the mid-troposphere around 700 hPa in terms of the tropical mean. Changes in the 

thermodynamic structure of the atmosphere play a key role in the water vapor response to the 

2006–07 El Niño, whereas the water vapor response to the 2009–10 El Niño is forced by both 

thermodynamic and large-scale circulation changes. Moreover, regression analysis of water 

vapor anomalies onto the Niño-3.4 SST shows clear upper tropospheric amplification (i.e., strong 

peak in moistening around 200 hPa in response to the SST warming) of the fractional water 

vapor change to El Niño. The fractional increase rate of water vapor with Niño-3.4 SST exceeds 

the Clausius-Clapeyron value of 0.07/C, which has the highest value of 0.28/C around 200 hPa 

over the central Pacific where the largest convective anomalies are observed. Furthermore, the 

GFDL AM2.1 model simulates the general patterns of water vapor response to the ENSO SST 

forcing on the zonal and meridional plane.  

However, water vapor distributions sorted by large-scale regimes are very different 

compared to observations during the 2009–10 El Niño. This discrepancy is found to be mainly 

due to simulation errors over the Indian Ocean. GFDL AM2.1 also does not reproduce realistic 

convective processes, which fail to simulate a strong moistening effect at 200 hPa where 

convective detrainment preferably occurs. 
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5.2. Limitations 

Although we made some improvements on the current methods that were used to 

estimate convective mass detrainment level, intensity, and life stage of tropical deep convection, 

there are a few limitations that are worth mentioning.  

First, we discussed the uncertainty of the sounding-based estimation of LNB in 

comparison with the observation-based counterpart. However, it should be noted that the 

observation-based method to estimate LNB, as shown in Chapter 2, requires “perfect” overpass 

by CloudSat to capture both convective core and mature anvils. Such cases are rare (only 4,008 

cases found for 2.5 years of CloudSat data) due to narrow swath of CloudSat CPR. So, statistics 

may not be as robust in certain regions where such “perfect” deep convection is scarce. More 

data are needed to ensure the statistical significance. Fortunately, CloudSat mission has been 

extended to 2017 and a follow-on mission, EarthCARE is scheduled to be launched in 2016. So 

when more data become available, we will revisit the subject as investigated in Chapter 2.   

Second, as shown in Chapter 3, data from CloudSat and collocated ECMWF analyses 

provide a means for selecting overshooting features. Also, we track the evolution of 

overshooting convection and determine its life cycle through joint analysis of CloudSat and the 

ISCCP CT database (the latter is based on geostationary satellite data). However, due to the fact 

that the A-Train constellation has ~1:30 a.m./p.m. equatorial crossing time, it is impossible to 

observe all OSC all the time and everywhere. One consequence is that we were unable to fully 

capture the diurnal variations in tropical deep convection. This limitation is more serious over 

land than ocean because the diurnal cycle of deep convection is the most pronounced over land. 

Usually, continental deep convection has a peak during late afternoon (e.g., Soden, 2000; Liu 

and Zipser, 2005). To understand how this may affect our statistics, we conduct a simple analysis 
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of the ISCCP CT data by plotting the diurnal variation in occurrence frequency of cold plumes 

embedded in CSs whose cloud tops have min TBIR <245K, min TBIR <220K, and min TBIR 

<190K (based on data from Sep 2006-June 2008). They correspond roughly to the cloud-top 

height of 9 km, 12.5 km, and 17 km, respectively. Analysis is done for the whole tropics (30S-

30N) and land and ocean separately (Figure 5.1). Figure 5.1 clearly shows that the diurnal cycle 

of OSC (e.g., min TBIR <220K and min TBIR <190K) is stronger over land than over ocean.  The 

colder (or higher) the OSC, the larger the amplitude of the diurnal cycle (e.g., the group 

corresponding to min TBIR <190K has the largest diurnal amplitude).  We also notice a semi-

diurnal cycle over land (peaks are early morning and late afternoon), but this subject is beyond 

the scope of our current work.  Therefore, although our results in Chapter 3 show certain aspects 

of the diurnal variations of OSC over land (e.g., the OSC at the mature stages are more abundant 

over land during noontime), statistics should be considered tentative and should be revisited 

when the whole diurnal cycle is sampled. Nevertheless, it should be noted that CloudSat 

observes the internal vertical structure and intensity of OSC – a dimension that was not observed 

from previous passive sensors.  This new aspect should add to our collective knowledge of the 

property and behaviors of tropical OSC.  

 

5.3. Future works 

Through this thesis, we gained new insights into the climatology, intensity, and life stage 

of tropical OSC. Yet there are several aspects of the mechanisms of OSC that need further 

investigation. Lifetimes for regular CSs are usually between 12 and 36 h (Futyan and Del Genio, 

2007), whereas the lifetime of a hurricane can exceed a week. A previous study using IR data has 

found a “disproportionately” large amount of penetrative deep convection in tropical cyclones 
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(Romps and Kuang, 2009). Therefore, a sizable portion of OSC could be embedded in the 

hurricane eyewall transporting energy upward constantly throughout its lifetime. It is of interest 

to study the OSC that is embedded in hurricanes by comparing the CloudSat Tropical Cyclone 

data set (http://reef.atmos.colostate.edu/~natalie/tc) with the analysis presented in this paper. In 

parallel with the OSC study, we managed to evaluate the concept of LNB, which will connect 

deep convective outflow to UT/LS trace gases. We also document the vertical distribution of 

clouds and water vapor associated with ENSO events that motivates us to further investigate the 

influence of OSC on UT/LS water vapor and temperature using MLS and AIRS. Another 

interesting direction for future research would be to verify how much energy is transported by 

OSC from the boundary layer to the UT/LS using reanalysis datasets from, for example, the 

National Centers for Environmental Prediction and the National Center for Atmospheric 

Research (NCEP/NCAR reanalysis) or from ECMWF (ERA-40 reanalysis). Such an evaluation 

would constitute an important new contribution to understanding the roles of OSC in maintaining 

the energy balance of the tropics. 
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Figure 5.1. Diurnal variations in occurrence frequency of cold plumes embedded in CSs based 
on ISCCP CT data. Three thresholds are used to represent different height level deep convection: 
minimum cloud top temperature min TBIR <245K, min TBIR <220K, and min TBIR <190K.  The 
three panels from top to bottom are for all tropics (30S-30N), land, and ocean, respectively. 
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