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ABSTRACT OF DISSERTATION 

CHARACTERISTICS OF PRECIPITATION: CLOUDSAT OBSERVATIONS AND 

MODEL PREDICTIONS OF THE CURRENT AND FUTURE CLIMATE 

The overall purpose of this study is to examine how the characteristics of 

precipitation are predicted by models to change in a typical climate change scenario, as 

well as to observe current characteristics of precipitation as they exist now and how well 

models reproduce those observations. The first part of this study examines the controls 

on global precipitation evident in transient experiments conducted using coupled climate 

models collected for the Intergovernmental Panel on Climate Change Fourth Assessment 

Report (IPCC AR4). The change in precipitation, water vapor, clouds, and radiative 

heating of the atmosphere evident in the 1% increase in carbon dioxide until doubled 

(lpctto2x) scenario are examined. As noted in other studies, the ensemble mean changes 

in water vapor as carbon dioxide increases to doubling occur at a rate similar to that 

predicted by the Clausius-Clapeyron relationship. This rate is more than three times the 

projected ensemble-mean sensitivity of precipitation to temperature change. A simple 

ratio of the precipitation sensitivity to water vapor sensitivity is introduced as a type of 

measure of the efficiency of the atmospheric branch of the global hydrological cycle in 

responding to changes in moisture. The value of this ratio varies between about 0.09 and 

0.25 for the models studied. It is shown how increases in global precipitation track 

increases in atmospheric radiative energy loss and that the ratio of precipitation 

sensitivity to water vapor sensitivity is primarily determined by the rate at which the 
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emission of radiation from the clear-sky atmosphere, and consequently the surface 

warming, increases as water vapor increases. Furthermore, it is quantitatively shown that 

the magnitude of the efficiency ratio closely matches the sensitivity derived from simple 

energy balance arguments involving changes to water vapor emission alone by applying a 

square-root law model. Other factors that affect this efficiency include a negative cloud-

radiation feedback associated with changes in the vertical distribution of clouds and a 

positive effect due to changes in sensible heating. While these factors individually are 

significant, they largely compensate for one another. These results are shown to cast 

some doubt on the state of observational studies that suggest larger rates of change in 

precipitation. 

The second part of this study presents a new source of data that may address some 

of those observational concerns. The frequency of precipitation occurrence over the 

global oceans from 2006-2007 as calculated from CloudSat radar data is presented for 

the first time, showing structures of precipitation occurrence (rain and snow) into the high 

latitudes and calculating that precipitation occurs 11% of the time over the oceans. It is 

shown that the spatial pattern of the precipitation frequency from CloudSat is consistent 

with previous climatological studies. These data are verified through favorable 

comparisons to ship-based (ICOADS) and island-based (GSOD) data. The study then 

extends the use of these data to an analysis of the observed cloud structures that are 

associated with rainfall over the oceans and comparing that analysis to the state-of-the-art 

ECMWF weather forecast and HadGAMl climate prediction models. These comparisons 

show that the ECMWF model appears to perform well, though it does not appear to 
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capture precipitation from shallow precipitation modes in the central Pacific, the 

HadGAMl model grossly over produces rain globally nearly twice as often, and both 

models do not predict layered high clouds over precipitating low and mid-level clouds as 

often as they are observed by CloudSat. 

Todd Douglas Ellis 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, CO 80523 
Summer 2008 
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Chapter 1: Introduction 

1.1 Purpose of the Study 

Anthropogenically-forced climate change has emerged as perhaps the leading 

international environmental concern due to the potential economic, political, and societal 

ramifications it may hold. As scientists strive to understand this phenomenon, so too is 

society studying the importance of examining how such climate change could affect both 

developed and developing countries alike. It is telling that the 2007/8 United Nations 

Development Programme Human Development Report focused solely on the potential 

and current impacts of climate change on efforts to achieve sustainable development 

around the world [UNDP 2007]. In their announcement, they stress that "climate change 

is the greatest challenge facing humanity at the start of the 21st Century. Failure to meet 

that challenge raises the spectre of unprecedented reversals in human development." 

Certainly, this underscores the urgency with which the scientific community must seek to 

understand both the causes and potential consequences of this phenomenon. 

Policy makers around the world are indeed reacting now to meet the challenge 

that the UNDP raises. For example, in remarks surrounding the release of the 

Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4), 

United Nations Secretary-General Ban Ki-Moon called climate change "the defining 

challenge of our age" and called on world leaders to be more constructive in upcoming 



treaty meetings on carbon emissions [New York Times, 18 November 2007]. Perhaps 

there can be no greater acknowledgment of this assessment than the recognition of the 

former Vice President Albert Gore, Jr. and the IPCC with the 2007 Nobel Peace Prize. 

Yet, in order for policy makers to adequately address these challenges, science must 

continue to provide them with the information needed to assess not only the causes, but 

also the potential impacts of climate change. 

Before this decade, most studies of anthropogenically-forced climate change have 

understandably focused on the impacts of climate change on the temperature record. 

Global warming, which has been reported by the IPCC as 0.74°C ± 0.18°C degrees of 

warming over the past 100 years [Trenberth et al., 2007b], is perhaps easier to understand 

than other potential impacts of climate change because it is a continuous state variable of 

the atmosphere and because improvements in measurement and interpolation techniques 

reduced the uncertainty in observations [Trenberth et al., 2007b]. Furthermore, the 

temperature record [e.g. Folland and Parker 1995], or proxies for the temperature record 

[e.g. Mann and Jones, 2003], are long in duration and therefore viable for the testing of 

trends that span decades and centuries. And there are numerous theories, both simple and 

complex, that directly connect changing concentrations of greenhouse gases to changes in 

the surface temperature of the planet [e.g. North et al., 1981]. However, easy to measure 

and understand though they may be, changes in surface temperature are not necessarily 

the most vital consequence of climate change from a societal standpoint. 

In the past decade, studies have increasingly focused on the effects of climate 

change on the hydrological cycle of the planet, particularly the atmospheric branch of the 
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cycle. This is an important development in the course of climate study because of the 

essential role that water plays in the existence of life on Earth as well as the relatively 

small amount of water vapor that exists in the atmosphere at any given time. Consider 

that water vapor makes up only one-tenth of one percent of fresh water and one-millionth 

of the total water on the planet according to the most recent estimates of the global water 

budget [Chahine 1992, Trenberth et al., 2007a]. Yet, it is this atmospheric water vapor 

that is the sole source of water available to fall as precipitation, and it has been shown 

that precipitation is likely to be significantly affected by anthropogenic climate change 

[e.g. Diaz et al., 1989, Dai et al., 1997, Allen and Ingram, 2002, Trenberth et al., 2007b 

and others]. Such studies of the effect of climate change on the atmospheric branch of 

the hydrological cycle will continue to grow in importance as humanity rapidly increases 

the demand that it places on its fresh water supplies [e.g. Clarke and King, 2004]. 

This purpose of this study is therefore to contribute to the existing body of work 

on how anthropogenically-forced climate change affects the atmospheric branch of the 

hydrological cycle by answering two main research questions: 

(i) How does the radiative energy budget of the atmosphere change and how do 

those changes control changes in global-mean precipitation? 

(ii) What are currently observed characteristics of precipitation, both globally and 

regionally, and are those characteristics reproduced by state of the art forecast 

and climate models? 

The following sections will briefly provide background and motivation for each of these 

research questions. 
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1.2 Question I: How does the radiative budget of the atmosphere control 

changes to global precipitation? 

Representing the inherent spatial variability and character of precipitation in 

global climate models is fraught with many difficulties and the determination of where 

and how much it rains or snows continues to be one of the most difficult and pressing 

challenges confronting weather and climate prediction. Yet, despite these difficulties, 

there appear to be robust physical controls on the global hydrological cycle that provide a 

basis for forming gross expectations as to how the global precipitation might change in 

the context of climate change [e.g. Allen and Ingram, 2002; Held and Soden, 2006]. 

Modeling studies suggest that atmospheric moisture increases with warming at a rate of 

approximately 7% K1 primarily due to the Clausius-Clapeyron (C-C) relation [e.g. 

Trenberth et al., 2007b] and observations over oceans demonstrate a similar rate of 

change [e.g. Santer et al., 2007]. Although there is an expectation that precipitation too 

should increase at approximately the same rate [e.g. Wentz et al., 2007], a number of 

studies, including the study presented in chapter two, point out that projected changes in 

precipitation by models occur at a much reduced rate of 1-3% K"1. Studies of Zhang et 

al., [2007], Wentz et al., [2007], and Allan and Soden [2007] appear to suggest that 

observations of precipitation change may, however, be more in line with the C-C implied 

moisture increase (7% K"1). 

The current analysis further examines the controls on global precipitation evident 

in the transient experiments conducted using coupled climate models collected for the 

Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4) 
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fhttp://www.ipcc.ch). The experiments analyzed are those of a 1% increase in carbon 

dioxide per year to doubling (also known as the lpctto2x scenario). As has been known 

for some time [e.g. Stephens et al., 1994; Mitchell et al., 1987; Allen and Ingram, 2002; 

and others], global precipitation is constrained by changes in the energy balance of the 

atmosphere due to the radiative effects of increased water vapor more than it is by 

availability of moisture for conversion to precipitation. The model analysis presented in 

this study demonstrates that it is through this control that the rate of precipitation increase 

due to warming cannot be expected to keep pace with water vapor increases. 

This study introduces a proximate measure of the efficiency of the atmospheric 

branch of the hydrological cycle given by the non-dimensional ratio of global-mean 

precipitation changes to global-mean water vapor changes. Using this ratio, it is shown 

that the rate at which radiation is emitted from the atmosphere by water vapor establishes 

a basic reference limit on this ratio with values that are substantially below that expected 

from the implied C-C increase in water vapor. It is further illustrated that the cloud-

radiative feedbacks associated with changes in radiative heating related to changes in 

vertical cloud structure further reduces the ratio from the upper clear-sky emission limit 

and in this way acts as a negative feedback on global precipitation. These results raise 

questions about the aforementioned data sources used to infer observed changes in 

precipitation and the corresponding claim that the efficiency of the atmospheric branch of 

the hydrologic cycle should be near unity. 
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1.3 Question II: What are the observed characteristics of precipitation 

and how well do models reproduce them? 

Trenberth et al., [2003] correctly point out that as the climate changes, "the main 

changes in precipitation will likely be in the intensity, frequency, and duration of events, 

but these characteristics are seldom analyzed in observations or models." To effective 

analyze these characteristics, one must actually examine three related issues: observations 

of the current state of that variable, the accuracy with which the models reproduce those 

observations, and the nature of the predicted changes themselves. Examining these issues 

allows for a true assessment of the fidelity of the predictions, as a model that cannot 

accurately reproduce observations does not encourage confidence in its predictions. The 

first part of this study will have already addressed the nature of the predicted changes in 

precipitation. This second research question will attempt to address the other two issues 

through observing the incidence of precipitation and evaluating the accuracy of model 

reproductions of those observations. 

Precipitation is notoriously difficult to observe due to both its high variability in 

both space and time as well as its spatial scale, which is typically smaller than those 

scales explicitly resolved by models of the climate. Even annual precipitation, which is 

adequately measured by rain gauge networks, is not well sampled over the ocean. These 

difficulties make it difficult to measure trends, frequency distributions, or even mean 

rainfall over global or regional scales. The recognition of these difficulties has long 

served as the motivation for developing satellite-based methods for observing the global 

distribution of precipitation [Stephens and Kummerow, 2007] and sustaining global-scale 
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observations over time scales relevant to climate change have not yet proven possible as 

evidenced in recent studies that report on contradictory long-term trends in existing 

satellite-based precipitation observations [e.g. Wentz et al., 2007, Gu et al., 2007]. 

Representing the inherent spatial variability and character of precipitation in global 

climate models is also fraught with many difficulties and the determination of where and 

how much it rains or snows continues to be one of the most difficult and pressing 

challenges facing climate prediction. 

There have been several studies that have reported the characteristics of 

precipitation using the existing observational networks. For example, studies such as Dai 

[2001a,b] and Sun et al. [2007] have used surface-based observations to attempt to 

characterize important aspects of precipitation, such as global distributions of the 

precipitation incidence, numbers of days with rain, and the diurnal cycle, as well as rain 

rate (which represents the daily average rainfall) and rain intensity (which differs from 

the rain rate in that it is a conditional rate that discounts times when it is not raining). 

These types of observations are particularly important for understanding the nature of 

changes in precipitation frequency and intensity in climate change scenarios. Yet these 

studies, like many others, have been hampered by the dearth of surface-based 

precipitation data over the oceans, largely because even the most state-of-the-art oceanic 

surface based data [ICOADS, Worley et al., 2007] are necessarily tied to the shipping 

routes and the locations of buoys. In order to better understand global and regional 

precipitation, this difficulty needs to be overcome. 



Rather than duplicate previous analyses of the characteristics of precipitation, this 

study seeks to make use of a new satellite-borne observing system to add to and 

hopefully improve upon the observations of how often precipitation occurs over the 

oceans. CloudSat [Stephens et al., 2002] is the first-ever spaceborne cloud radar, and 

since it became operational in 2006 it has provided the scientific community with unique, 

high-resolution observations of the structure of clouds worldwide. The data from 

CloudSat have proven to be quite useful for understanding cloud structure and properties, 

and have recently been extended to include a retrieval of precipitation incidence and 

intensity over the oceans [Haynes et al., 2008]. These data provide new insights into the 

characteristics of precipitation into the high latitudes as well as the types of cloud profiles 

associated with that precipitation. 

This study therefore provides validation of the precipitation incidence portion of 

the CloudSat observations using well-established surface-based rainfall incidence data 

from the ICOADS and Global Summary of the Day [GSOD, Lott and Baldwin, 2002] 

datasets. These comparisons show that the CloudSat precipitation incidence data 

compare very favorably with both validation datasets and exhibit exceptional 

opportunities for analysis. As an example, in order to examine how well models 

reproduce the characteristics of clouds that produce precipitation, the validated results of 

CloudSat precipitation incidence and the relative frequency of occurrence of various 

cloud types are then used as a basis of comparison to special runs of the ECMWF IFS 

(http://www, ecmwf. int) weather model and the Met Office HadGAMl climate model 

[Martin et al., 2006]. These model data include non-standard data on cloud top heights 
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associated with precipitation specifically provided for comparison against the cloud 

profiles as seen by CloudSat. This study will illustrate that, while the models perform 

well in some cases, they also have shortcomings that can be quite important. The 

ECMWF model is shown to underpredict the presence of shallow modes of precipitation 

in the tropical oceans, while the HadGAMl model greatlys overestimate the occurrence 

of precipitation globally, and neither model adequately predicts the presence of high 

cloud over precipitating low clouds. 

1.4 The structure of this study 

The remainder of this study discusses these research questions in detail, including 

expanded background material, details on data used and research methods applied, 

results, and discussion. Chapter two presents a study of how changes in the radiative 

budget of the atmosphere constrain changes in the global-mean precipitation predicted by 

the same models. Chapter three presents a verification and analysis of CloudSat 

observations of precipitation incidence, as well as the comparison of those data to 

specially provided predictions from weather and climate models that give detailed 

information about the types of clouds present in each rainy scene. Chapter four provides 

a brief discussion of how the results of these studies provide a coherent picture of the 

nature of precipitation changes in these models and discusses research questions that arise 

from these results, Chapter five lists references that have been cited in this study. 
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Chapter 2: Radiative controls of global-mean 
precipitation increases associated with 
climate change 

2.1 Introduction 

Scientific discussion about long term climate change induced by the build up of 

greenhouse gases has predominantly focused on global warming. Although there remains 

much uncertainty on predictions of how much warming will occur through greenhouse 

gas build up, the predominant public focus on global surface temperature as a metric of 

climate change is in part understandable given that theories both simple and complex 

exist that directly connect perturbations of radiative forcing associated with changing 

concentrations of greenhouse gases to global-mean surface temperature [e.g. North et al., 

1981]. Relatively long records of global surface temperature [Folland and Parker, 1995], 

or proxies for it [Mann and Jones, 2003], can also be constructed from diverse 

observations to provide a way of testing such theories. Changes to the characteristics of 

rainfall on both global and regional scales have recently been undergoing similar levels of 

scrutiny [e.g. Diaz et al., 1989; Dai et al., 1997; Allen and Ingram, 2002; Trenberth et al., 

2007b] as the societal impacts of changes in precipitation have become more apparent 

[e.g. UNDP, 2007]. Understanding how precipitation patterns and types are likely to 

change in the face of increasing carbon dioxide [e.g. Trenberth et al., 2003] as well as by 



other anthropogenic factors like pollution, are essential for understanding the scope of a 

looming planetary-scale water supply crisis [Clarke and King, 2004]. 

Precipitation is highly variable over both space and time and forms inherently on 

scales typically much smaller than those resolved explicitly by existing models of the 

Earth's climate. Even annual precipitation, which is adequately measured by existing 

land-based rain gauge networks, is not well sampled over the ocean. These difficulties 

create great problems for measuring global and regional-scale precipitation and major 

challenges for determining climate trends. The recognition of these problems has long 

served as motivation for the development of satellite-based methods for observing the 

global distribution of precipitation. Measurement of precipitation from space however is 

challenging [Stephens and Kummerow, 2007] and sustaining global-scale observations 

over time-scales relevant to the climate change problem has not yet proven possible as 

evidenced in recent studies that report on contradictory global trends in existing satellite-

based precipitation observations [Wentz et al., 2007; Gu et al., 2007]. Representing the 

inherent spatial variability and character of precipitation in global climate models is also 

fraught with many difficulties and the determination of where and how much it rains or 

snows continues to be one of the most difficult and pressing challenges confronting 

weather and climate prediction. 

Despite the difficulties associated with modeling, observing, and predicting 

changes in local and global-scale precipitation, there appear to be robust physical controls 

on the global hydrological cycle that provide a basis for forming gross expectations as to 

how the global precipitation might change in the context of climate change [e.g. Allen 
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and Ingram, 2002; Held and Soden, 2006]. Modeling studies suggest that atmospheric 

moisture increases with warming at a rate of approximately 7% K1 primarily due to the 

Clausius-Clapeyron (C-C) relation [e.g. Trenberth et al., 2007b] and observations over 

oceans demonstrate a similar rate of change [e.g. Santer et al., 2007]. Although there is an 

expectation that precipitation too should increase at approximately the same rate [e.g. 

Wentz et al., 2007], a number of studies including the present study point out that 

projected changes in precipitation by models occur at a much reduced rate (1-3% K1). 

Studies of Zhang et al. [2007], Allan and Soden [2007], and Lambert et al. [2008] appear 

to suggest that observations of precipitation change may, however, be more in line with 

the C-C implied moisture increase (7% K"1). 

This chapter further examines the controls on global precipitation evident in the 

transient experiments conducted using coupled climate models collected for the 

Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4) 

(www.ipcc.ch). The experiments analyzed are those of a 1% increase in carbon dioxide 

per year to doubling. As has been known for some time [e.g. Stephens et al., 1994; 

Mitchell et al., 1987; Allen and Ingram, 2002; and others] global precipitation is 

constrained by the energy balance of the atmosphere more so than by availability of 

moisture and the model analysis presented in this study demonstrates that it is through 

this control that the rate of precipitation increase in warming cannot be expected to keep 

pace with water vapor increases. This result thus raises questions about the 

aforementioned data sources used to infer observed changes in precipitation. 
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The model data used in this study are briefly described in the following section 

together with the simple procedures developed for analysis of these data. Section 2.3 

reviews the changes to column water vapor associated with the resultant global warming 

of the models offering a context for the following analysis. A non-dimensional ratio of 

the changes in global-mean precipitation to changes in global-mean water vapor is 

introduced in this section. This ratio, e, serves as a proxy for global precipitation 

efficiency, since it is a measure of how much the predicted increase in water vapor is 

converted to increased precipitation. Section 2.4 then reviews the changes in cloud 

amount that relate to the moisture changes described in section 2.3. The associated 

changes in atmospheric cloud radiative heating are also introduced in section 2.4 and it is 

shown how these changes are related to changes in the vertical structure of clouds with 

decreased middle level and low clouds and slightly increased high clouds producing the 

predicted heating. Section 2.5 examines the basic energy controls on the model 

hydrological cycle formulated in terms of the £ ratio introduced in section 2.3. This 

section shows that the rate at which radiation is emitted from the atmosphere by water 

vapor establishes a basic reference limit on this ratio with values that are substantially 

below that expected from the implied C-C increase in water vapor. This section further 

illustrates how the cloud-radiative feedbacks associated with changes in radiative heating 

related to changes in vertical cloud structure further reduces the ratio from the upper 

clear-sky emission limit and in this way acts as a negative feedback on global 

precipitation. The chapter concludes with a discussion of these results that appear to 
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contradict the recent observational studies that suggest a value of e ought to be nearly 

unity. 

2.2 Data and methodology 

The data used in this study are those of coupled climate models archived by the 

World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project 

phase 3 (CMIP3) multi-model data set (http://www-pcmdi.llnl.gov/) [Meehl et al., 2007]. 

The focus of this particular study is directed toward addressing the nature of changes that 

occur under predicted global warming due to a 1% per year increase in carbon dioxide 

over 70 years from present at which point in time CO2 is doubled from initial levels 

(referred to by PCMDI as the lpctto2x scenario). This permits the study of the 

differences in the hydrological cycle before and after the carbon dioxide change. It also 

makes possible a study of the evolution of the system in order to shed more light on the 

physical mechanisms involved. For this analysis, only one realization from each of 21 

models (listed in Table 2.1) is considered1. It is important to note that not all models 

contribute to all calculated quantities studied in this paper when relevant data are missing. 

These missing data also limit on the number of models that can be used for the analysis in 

Section 2.5. In order to obtain self-consistent results, only 7 models, highlighted with an 

asterisk in Table 2.1, are used in those analyses since they were the only models to have 

available, realistic data for each field necessary to calculate clear-sky and all-sky column 

radiative energy fluxes as well as cloud-radiative forcing fluxes. 

1 Run 1 is used in all cases except for the NCAR-PCM1 model where Run 2 is used 
because it includes an entire model integration in one file 
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Model Country Model Country 

BCC CM I 

RCCR BCM2 0 

CCCMA CGCM:U» 

CNRMCM3 

C SIRO MK3.0 

GFDL CM2.0* 

GFBLCM2U 

GISS EH 

GISS ER 

LAP FGOALS 

INMCM 3.(i* 

China 

Norway 

Canada 

Franco 

Australia 

United States 

United States 

United States 

United States 

China 

Russia 

IPSL CMP 

MIROC HiRes* 

MiROC M.xlRes* 

MIOB ECHO-G 

MPI ECHAMr. 

MR! CGCM 2.3.2A 

NCAR CCSM3 

NCAR PCM 1 

UKMot HadCM3 

UKMot HadGemi 

Franc 

Japan 

Japan 

Germany/Korea 

Gen n any 

J apian 

United Star ON 

United Snaps 

United Kingdom 

United Kingdom 

Table 2.2: PCMDI AR4 model simulations for which data were available used in this analysis. Asterisks 
indicate that the model was used for the emission limit analyses of Sections 2.5 and 2.6 

The analyses of this study consider averages over years 1-10 and 61-70 in order to 

mitigate contributions of year-to-year variability. Differences between these averages 

illustrate how the atmospheric states change from initial values as the models approach a 

doubling in carbon dioxide concentrations. In order to present robust geographical 

responses of models, maps of the ensemble means of data exclude values outside of one 

standard deviation to remove possible effects of model outliers. The responses presented, 

however, do not change significantly when values within two standard deviations of the 

mean are included (not shown). Finally, globally averaged quantities are derived using 

appropriate equal area weighting of model grid point data. 
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2.3 Water vapor and precipitation changes in global warming 

simulations 

In studying the factors that control precipitation changes in global warming it is 

relevant to first consider changes to water vapor for context. The following simplistic 

arguments illustrate how precipitation changes might relate to the water vapor increases 

that are uniformly predicted by the climate models considered in this study. It is 

commonly argued that precipitating weather systems of all kinds feed mostly on the 

moisture that already resides in the atmosphere [e.g. Trenberth, 1998], primarily through 

low-level convergence of this moisture in the vicinity of weather systems. Therefore 

changes to the availability of atmospheric moisture, through projected water vapor 

increases due to global warming, can be expected to lead directly to changes in this 

moisture convergence and hence precipitation intensity. It is through these arguments 

that the rate of precipitation increase might follow the rate of water vapor increase. 

The Clausius-Clapeyron (hereafter C-C) relationship for saturated vapor pressure 

presents a much-discussed basis for understanding the predicted changes to atmospheric 

water vapor under global warming. This relationship is given by: 

dlnes L 
= o (2-1 

dTs RT* 

where L is the latent heat of vaporization, R is the gas constant and es is the saturation 

vapor pressure at the surface associated with the surface temperature Ts. It has been 
assumed for some time that the column total water vapor in the atmosphere follows the 

behavior expected from this relationship. This expectation is confirmed in the study of 
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Stephens [1990] and others [e.g. Wentz and Schabel, 2000; Trenberth et al., 2005] 

through analysis of satellite data. Many other studies [e.g. Held and Soden, 2006] also 

underscore this key point by arguing that the changes in column mean water vapor under 

global warming closely follow a projected C-C increase of approximately 7% K"1 given 

the associated increase in surface temperature. 

Figure 2.1 offers a closer examination of the relationship between the column 

water vapor predicted from the C-C relationship and the model predicted water vapor. 

Figure 2.1a presents the global distribution of the percentage increase in water vapor per 

degree warming calculated from the C-C relation using ensemble-mean model surface to 

700 hPa mean layer temperature averaged over the first 10 years of integration. This 

layer mean temperature is taken to characterize the boundary layer temperature where 

most of the water vapor resides and thus is broadly characteristic of the column water 

vapor (CWV). The global-mean value of the fractional rate of increase of water vapor 

calculated using layer mean temperatures is 6.7% K"1. Calculated in this way, the results 

of this figure can be interpreted as representing the contribution to the rate of increase of 

model water vapor per degree warming that would occur purely through thermodynamic 

controls on water vapor under the common assumption that relative humidity remains 

fixed. This assumption of fixed relative humidity is validated by the results of Dai 

[2006], among others. 
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Figure 2.1: (a) The projected rate of relative percent change of column water vapor per degree increase of 
temperature amount derived from the Clausius-Clapeyron assuming the multi-model ensemble mean 
boundary layer temperature. Units are (% K"1). The global mean value of this sensitivity is 6.7% K"1. (b) 
The difference between the actual model projected rate of change of column water vapor and that derived 
from the Clausius-Clapeyron relationship as in Fig. 2.1a in units of (% K"1). (c) The change in ensemble 
mean winds from years 1-10 to years 61-70. Contours indicate changes in wind speed in (m s-1) and 
vectors represent the vector difference in winds at selected locations. 
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A similar quantity to that of Fig. 2.1a can also be derived from the ensemble mean 

of the ratio of model-predicted column water vapor changes divided by the respective 

surface temperature increases of each model. The difference between this sensitivity and 

that derived from C-C is shown in Fig. 2.1b. It reveals how most models moisten over 

oceans at rates that slightly exceed the simple thermodynamic increase as embodied in 

the C-C relationship, and that this enhanced moistening is substantial in some regions. 

Differences between real-world observed water vapor and water vapor derived from this 

specific form of the C-C relationship reveal atmospheric circulation influences on water 

vapor [Stephens, 1990]. In an analogous way, the differences shown in Fig. 2.1b reveal 

the influence of changes in the atmospheric circulation on the model water vapor 

increases. To underscore this point, Fig. 2.1c shows the model ensemble mean changes 

in surface wind speed and velocity (arrows). It suggests that the increased mid-latitude 

westerlies over the southern oceans poleward of about 40° S drive the increased water 

vapor through evaporation associated with these stronger winds. The extensive area of 

enhanced moistening over the tropical Pacific ocean appears to be related to enhanced 

moisture convergence into this region. These results are also consistent with Vecchi and 

Soden [2007], who show that these regions of moistening beyond that predicted by the C-

C relation are also regions where the vertical velocity is changing in connection to a 

weakening of the tropical Walker circulation2. 

2 Vecchi and Soden (2007) study the changes in the SRES M B scenario of the IPCC AR4 
models. This corresponds to a doubling of equivalent carbon dioxide between 2000 and 
2100, after which time the radiative forcings are held constant. 
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The global and ensemble mean sensitivity of the AR4 models is 7.4% K"1, which 

slightly exceeds that derived from C-C as shown in Fig. 2.1a (6.7% K_1) implying a 

modest change in relative humidity in the models. It is usually assumed that the relative 

humidity changes that occur in climate change are small and that on the whole the water 

vapor feedback in models is interpreted through a mechanism that inherently is structured 

around assumptions of fixed relative humidity. However, the potential importance of even 

these small changes to relative humidity are evident in Figs. 2.2a and 2.2b. The 

geographic changes in layer-mean surface to 500 hPa relative humidity (Fig. 2.2a) are 

small but nevertheless coherent in structure showing wide-scale decreases of relative 

humidity in the sub-tropics and increases in regions that could be anticipated from the 

difference maps of Fig. 2.1b. The increases are confined to the tropical regions and the 

mid-to-higher latitudes and decreases in relative humidity existing in broad regions of the 

subtropics and some regions of the tropical atmosphere. Figure 2.2b shows the changes 

in ensemble-mean relative humidity in the layer above 500 hPa. Increases in relative 

humidity of the upper troposphere are more broadly spread with largest increases coupled 

to regions of increased lower tropospheric relative humidity. Upper-tropospheric drying 

occurs in regions of the subtropics where increases to subsidence presumably occurs as 

found in Vecchi and Soden [2007]. 
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Figure 2.2: (a) The absolute change in 1000-500 mb relative humidity (in %) from years 1-10 to years 
61-70. (b) The absolute change in 0-500 mb relative humidity (in %) from years 1-10 to years 61-70. (c) 
The absolute change in precipitation rate (in mm day1) from years 1-10 to years 61-70. 
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Although the changes in relative humidity are small, they appear to exert an 

important influence on changes to the hydrological cycle. The ensemble-mean 

distribution of precipitation change is shown in Fig. 2.2c and comparison to Fig. 2.2a 

underscores how the distribution of precipitation change in the tropics and in the southern 

oceans, to a large degree, mirror the change in lower atmospheric relative humidity in 

these regions. However, the relationship between the precipitation changes and the 

relative humidity is not sufficient to wholly describe the model-simulated changes since 

climate change also includes an effect on the ratio of the global-mean precipitation 

sensitivity to the global-mean water vapor sensitivity. These changes, which represent a 

proxy for the efficiency of the global atmosphere's conversion of increased water vapor 

into increased precipitation, are explored below. 

Figure 2.3 provides a slightly different perspective on the results of Fig. 2.1 by 

showing the differences in global-mean column water vapor, AW7, as a function of the 

global-mean surface temperature, ATS, for all models studied. In the previous section, it 

is noted that the global-mean sensitivity deduced from the individual models to be 

approximately 7.4% K"1 slightly exceeding the C-C inferred global mean value by 0.7% 

K"1. Figure 2.3 also contrasts the change in precipitation as a function ATS. The 

sensitivity of precipitation to changes in surface temperature is approximately 1.3% K"1 

[also Held and Soden, 2006]. At this point, it is convenient to introduce the following 

non-dimensionalized ratio of the precipitation sensitivity to water vapor sensitivity, 

namely 
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where Wand P are global mean values of column water vapor and precipitation 

respectively and AP and AJTare the increased precipitation and column water vapor 

related to global warming, respectively. 

(2.2) 
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Figure 2.3: The relative changes in column water vapor amount and precipitation rate, expressed as 
percentage changes, as functions of global temperature change derived from the AR4 models. The change 
in column water vapor derived assuming the C-C relationship (see text for explanation) corresponds to an 
increase of 7.4 % K"1. The sensitivity of global precipitation rate changes to changes in temperature is 
approximately 1.3 % K1. The discrepancy between these two sensitivities indicates that the ratio of 
precipitation sensitivity to water vapor sensitivity in these models must be much less than unity. Note: Not 
all models had both column water vapor and precipitation data. 

This ratio is a simple proxy of the atmosphere's efficiency in converting increased global-

mean water vapor into increased global-mean precipitation. It also provides a simple way 

of examining the disparity between the scaling of precipitation that might be expected 
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from C-C alone (hereafter £c-c =1) and the actual changes predicted by models. Figure 

2.4a shows this quantity for individual models indicating a range from 0.09 to 0.25, 

substantially below £c-c - 1. 

b) 
Model 

Model 

Figure 2.4: (a) The change in the global-mean precipitation efficiency as defined by the non-
dimensionalized ratio of the precipitation sensitivity to the column water vapor sensitivity, (b) The global 
change in recycling or residence time for water vapor in the atmosphere in days, illustrating the slowing of 
the atmospheric branch of the hydrological cycle slows under global warming. 
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Since the time scale of the cycling of water in the atmosphere is also dictated 

broadly by the ratio of the total water vapor in the atmosphere to precipitation rate [e.g. 

Trenberth, 1998], then the reduced sensitivity of precipitation relative to the sensitivity of 

water vapor also implies that the time scale of cycling of water through the atmosphere 

must also be increased in these global warming experiments [Bosilovich et al., 2005]. 

This is confirmed in Fig. 2.4b showing the change in residence time of water vapor in the 

atmosphere. The reduced residence time, and thus the implied slowing of the atmospheric 

branch of the hydrological cycle, has been noted in other contexts such as in those studies 

that examine the change in the character of precipitation with more intense storms 

occurring in a warmed climate with longer periods between events [Tselioudis and 

Rossow, 2006; Kharin and Zwiers, 2005; Groisman et al., 2005]. Held and Soden [2006] 

also note how the model convective mass fluxes are also reduced under global warming 

and Vecchi and Soden [2007] outline changes in model predicted vertical velocity, both 

of which are also consistent with a slowing of this branch of the hydrological cycle. 

2.4 Cloud and radiative heating changes in global warming simulations 

Figures 2.5 and 2.6 respectively show the changes in global cloud amount and 

atmospheric column radiative heating due to these cloud changes. These ensemble mean 

results include only the seven models indicated in Table 2.1. The pressure ranges defined 

by the International Satellite Cloud Climatology Project [ISCCP, Schiffer and Rossow, 

1983] for high, middle and low cloud are also applied in this study. Figure 2.5 reveals 

small increases in high clouds over the eastern tropical Pacific and at higher latitudes and 

decreases in high clouds over a broad region centered on the maritime continent. There 
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are also small but wide spread decreases of low clouds between 30-60° N/S consistent 

with the slight decreases of relative humidity observed in the lower troposphere (Figure 

2.2a). The largest changes in cloudiness, however, are the wide-scale decreases of mid-

level clouds particularly in the mid-latitudes and over the maritime continent. 

The changes in cloud vertical structure implied in the results of Figure 2.5 impose 

important influences on the radiative budget of the atmospheric column. This influence 

can be measured by the contribution of clouds to the column radiative heating as 

introduced by Cnet in (2.5) below. Figure 2.6 presents Cmt and the individual long and 

shortwave components that define it. The decreases in middle level clouds, and to a 

lesser extent lower clouds, induce a net column warming by proportionally exposing the 

higher clouds above to the warmer lower atmosphere. This results in a broad increase in 

the longwave contribution to Cmt, especially in mid-latitudes where the heating pattern 

mirrors the pattern of change in mid-level clouds. A tongue of strong heating also exists 

over the tropical mid-to-eastern Pacific due to the small increases of high clouds. 
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90W 

Figure 2.5: The changes in (a) low (p a 680 mb), (b) mid-level (680 mb > p s 440 mb), and (c) high (p < 
440 mb) cloud amount (in percent) for selected models as indicated in Table 2.1. 
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Figure 2.6: The changes in (a) longwave, (b) shortwave, and (c) net cloud radiative forcing (in W nr2) for 
selected models as indicated in Table 2.1. 
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2.5 Global energy controls on precipitation 

It is obvious from the results of Figure 2.3 that more influential controls on global 

precipitation exist in models other than those of moisture availability alone. While the 

latter might influence regional changes in precipitation to some degree, as noted in 

comparison of the changes to low level relative humidity (Figure 2.2a) and precipitation 

(Figure 2.2c), increased water vapor governs the changes to global precipitation in a 

more indirect but significant way. As noted earlier, it has been understood for some time 

that the global hydrological cycle and global atmospheric energy budget are intimately 

linked and that changes to atmospheric energy, more so than changes to water variability, 

control the hydrological cycle on the global scale [Stephens et al., 1994; Stephens, 2005; 

Mitchell et al., 1987; Allen and Ingram, 2002]. 

This energy-based control is now examined in the context of the ratio € 

introduced in Section 2.3. First, consider the atmospheric energy balance of the form 

ARnetjatm = S + LP (2.3a) 

where Rnet,atm is the net radiative energy loss from the atmosphere that occurs as a result 

of the fact that emission of radiation from the atmosphere exceeds absorption of radiation 

by the atmosphere. This net radiative loss is balanced by the input of energy from 

convective processes that transport both sensible (S) and latent (LP) heat from the surface 

and deposit it in the atmosphere where P is the surface precipitation and L is the latent 

heat of vaporization. In general, the larger of these two turbulent contributions is the 

latent heating associated with evaporation of water from the surface, mostly over the 

world's oceans. This simple balance between radiation losses and heat added from the 
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surface and mixed into the atmosphere by convection constitutes a general state of 

radiative convective equilibrium [e.g. Goody and Walker, 1972; Manabe and Strickler 

1964]. In this state, the net radiative flux at the top of the atmosphere is zero and thus 

Rnet.atm = Rmt.sfc, where Rmt.sfc is the net radiative flux at the surface (positive downward). 

Thus in a state of radiative convective equilibrium, the atmospheric energy balance as 

expressed by (2.3a) is equivalent to the surface energy balance 

ARnet,sfc = S + LP. (2.3b) 

The relationship between changes to atmospheric radiative cooling, namely A 

Rnet,atm (and therefore changes to the surface radiation balance) and changes to 

precipitation AP then follows as [e.g. Stephens, 2005] 

ARnet,atm = LA? + AS (2.4) 

where positive values of ARmt.atm correspond to increased emission of infrared radiation 

from the atmosphere (i.e. more radiative cooling), AS is the change in sensible heating 

and LAP is the corresponding change in latent heating of the atmosphere determined by a 

change in precipitation of amount AP. Figure 2.7 illustrates the energy balance of the 

perturbed state and shows the changes to the global- and annual-mean atmospheric net 

radiation (ARnet,atm) of individual models versus the respective changes in latent heating 

(LAP). This figure indicates that the changes in sensible heating, on the whole, are 

smaller than the other two components and generally negative. This decrease in sensible 

heating is the result of the increased infrared opacity of the atmosphere associated with 

increased water vapor levels in the atmosphere which, in a general state of radiative 
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equilibrium, acts to reduce the air-sea temperature difference at the surface [e.g. Goody, 

1964] thereby inhibiting the sensible heat flux. 
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Figure 2.7: The relationship between changes in latent heating (L AP) versus changes in atmospheric 
column cooling (ARnet) for the AR4 models. The dotted line represents the linear relationship between the 
two quantities, and the offset between that line and the solid line representing a one-to-one correspondence 
reflects the contribution of sensible heating to the energy balance. 

The loss of radiant energy from the atmosphere Rnet,atm can also be conveniently 

separated into two components [e.g. Stephens, 2005], one due to the clear-sky 

contribution to this net emission (R„et,cir) and a second due to changes associated with the 

absorption and emission by clouds Cnet as presented in Figure 2.6. Thus one writes 

R net,atm R net,clr a net (2.5) 
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where a positive value of Cmt corresponds to a heating of the column and thus a reduction 

of the radiative loss of the column. The clear sky term, of order 100 Wnr2, is the 

dominant contribution and its change can be directly related to W [e.g. Stephens et al., 

1994]. The cloud term Cnet is much less certain and cannot simply be predicted by water 

vapor changes. Recent global estimates of this quantity using new satellite observations 

indicates it is less than 10 Wnr2 [Stephens et al., 2008]. To first order, Rnet,dr varies 

proportionally with W according to a power law that owes its existence to the properties 

of the bulk absorption (and emission) of radiation by strongly absorbing gases like water 

vapor. The relation between absorption and absorption path is referred to as the curve of 

growth. A crude by adequate approximation of this curve of growth relation between 

water vapor and Rnet,cir is 

Rnet,clr ~ C0 + dWb (2.6) 

where c0 is the column cooling by all other greenhouse gases in the absence of water 

vapor and b = 0.5 under the "square-root law' approximation [e.g. Goody and Yung, 

1995]. Values of a, b, and cQ are derived from a fit to this model obtained for all climate 

models with sufficient data and for which the fit converged to a single, physically 

reasonable solution. These parameters, along with the calculated standard deviations in 

those parameter fits, are provided in Table 2.2 for each successful model fit. 
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Table 2.2: Retrieved parameters of the curve fit to the clear-sky atmospheric emission vs. column water 
vapor curves. Sigma represents the standard deviation in the parameters as returned from the curve fitting 
routine. Models not appearing on this list either had insufficient data for calculation or the curve fit did not 
converge to a physically reasonable value. 

Using these parameters, three separate approximations illustrate the behavior of € 

as a function of the changes to different energy balance terms in (2.4) and (2.5). Consider 

first the idealized state of balance governed purely by clear-sky emission and absorption 

and latent heating: 

Rnet,clr ~ LP (2 .7a) 

and thus 

&Rnet,clr « LAP ( 2 .7b) 

where one explicitly ignores the contributions changes by ACnet and AS for the time 

being. Starting with (2.6) one can first take the derivative of the natural log of both sides, 

and then by approximating the derivatives by finite differences, obtain 
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&Rnet,clr ^ 
-„ , / - "w" _ 

Rnet.clr Co + a IT rb 
ab\V 6-1 AW 

Substituting (2.6) in the left hand side, and bringing b outside the brackets gives 

ARnet,clr 

Rnet.clr 
bA\V 

rtIT .1/6-1 

^net.clr 

and with rearrangement, one can obtain 

A i W d r bAW 
R net,clr w 1 -

R net,clr 

Combining (2.8c) with (2.7) and (2.2), one obtains 

(2.8a) 

(2.8b) 

(2.8c) 

= 6 (2.9) 
K"net,clr 

which will be referred to as the water vapor emission limit on the efficiency. In this case, 

the ratio of precipitation sensitivity to water vapor sensitivity is determined by the 

exponent of the curve of growth relationship (2.6) and the normalized magnitude of the 

growth of emission itself defined from the difference between the atmospheric emission 

devoid of water vapor (c0) and the atmospheric emission containing the present day 

amounts of water vapor (Rmt.cir)- The reference limit defined in this way is shown in 

Figure 2.8, including errors bars to denote the range of values possible given the 

uncertainty of the fits to the data. This figure illustrates that reference limit closely 

approximates to the actual efficiency derived using (2.2) above. That is to say, the global 

changes in precipitation of the models analyzed closely follow the change in emission as 

governed by water vapor changes alone. 
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Figure 2.8: A comparison of the model predicted precipitation efficiency £ to estimates of the emission 

limit derived from changes in the radiative balance of model atmospheres for selected models. From left to 
right, the bars represent the water vapor emission limit based solely on changes in clear-sky column cooling 
for selected models, the predicted precipitation efficiency, the emission limit when including only the 
radiative effects of clouds, the emission limit when including only the effect of including sensible heating, 
and the emission limit when including both clouds and sensible heating. The ensemble mean relationships 
appear in the rightmost set of bars. The error bars on the water vapor emission limit indicate the uncertainty 
in this limit due to uncertainty from the curve fit parameters b and c0 (see Table 2). 

Now, consider the contribution of clouds by considering the all-sky energy 

balance: 

R net,atm LP (2.10) 

and its perturbed form 

ARnet,atm ~ LAP. 

Using equations (2.5) and (2.6), one obtains 

(2.11) 
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aW( bAW 
W 

-AC Jnet LAP 

and, on rearrangement with some simplification, 

^AC 
ACnP, W 

AW LP 
(2.12) 

-K"net,clr 

The additional term that appears in (2.12) compared to (2.9) represents the direct 

effects of cloud feedbacks on precipitation through the contribution of ACnet on the net 

atmospheric energy balance. Since AC„et is positive (Figure 2.6), then the heating of 

clouds acts to further reduce the efficiency below the water vapor emission limit. Figure 

2.8 illustrates how this contribution is indeed non-negligible and is an important factor in 

establishing the overall global precipitation efficiency. 

The influence of sensible heating on e can be deduced in an analogous way by 

considering the balance 

Llnet,clr ~ LP + b (2.13) 

and its perturbed form 

ARnet,cir ~ LAP + AS (2.14) 

where cloud effects on the radiance balance are ignored. Following the same steps used to 

£/\s 

develop (2.12) one obtains 

R net,clr 

AS W 
AW LP 

(2.15) 
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Since AS < 0 (Fig. 2.9 below), then the second term on the right hand side of 

(2.15) is positive. Thus reductions in sensible heat flux act to enhance the efficiency e 

illustrated in Fig. 2.8. This is a simple and obvious result that, for a given amount of 

radiative cooling, any decrease in sensible heating must be offset by an increase in 

precipitation to provide balance. 

2.6 Summary and discussion 

Figure 2.9 summarizes of the key results and findings of this part of the study by 

presenting ensemble and global-mean changes in selected model properties. The main 

conclusions drawn from the study are: 

(i) Column integrated water vapor increases at a rate that resembles a Clausius-

Clapeyron (C-C) relationship. Although the majority of water mass increase 

occurs below 500 hPa (Figure 2.9), the proportional increase of upper 

tropospheric water vapor is substantially greater than that of the lower 

atmosphere. Given that upper tropospheric water vapor has a 

disproportionately large influence on the water vapor feedback [Held and 

Soden, 2000], the potential influences of the change in upper tropospheric 

water vapor on the modeled greenhouse effects and the water vapor feedback 

are topics that warrant further research. 

37 



Abs 0-500 mb CWV (x10 mm) 

Rel 0-500 mb CWV 

Abs 500-1000 mb CWV (x10 mm) 

Rel 500-1000 mb CWV 

Abs 440-0 mbRH(x10%) 

Abs 440-0 mb Cloud Amt (x10%) 

Abs 680-440 mb RH (x10%) 

Abs 680-440 mb Cloud Amt (x10%) 

Abs 1000-680 mb RH (x10%) 

Abs 1000-680 mb Cloud Amt (x10%) 

Abs Precip Rate (mm/day) 

Abs Recycling Time (days) 

Abs R net (W m"2) 

Abs R net Clear Sky (W m"2) 

Abs C net (W m"2) 

Abs Latent Heating (W m"2) 

Abs Sensible Heating (W m'2) 

-20 

-

I I I I I I I l I .! I I II 

Relative Change (%) 
-10 0 10 

u , 1 1 1 . : 11 

• • • 

i ! M i i i i ; i I n 

i i i i i i i i , | i i i , i 

$ S ^ 

ss • • 
I 

1 

m 
•j 

• • 
JSm m 
i ^ ^ m 11 n 11 • 111 * 111 j 1111 • 11 

20 
I I i | i i i i 

I.I.I 1111 l,i u i 

- 3 - 2 - 1 0 1 2 3 
Absolute Change 

Figure 2.9: A summary of the key findings of this chapter. Absolute (Abs) changes in quantities (filled 
bars) correspond to the scale at the bottom of the figure and relative percentage (Rel) changes in quantities 
(hatched bars) refer to the scale at the top. 

(ii) Although the water vapor changes in the global model experiments broadly 

follow the model projected surface warming in a way that resembles a C-C 

relationship, closer analysis shows that important differences between the 

model response and the C-C prediction emerge. These differences can be 

broadly related to changes in the atmospheric circulation of the models and 

correlate to regional changes in relative humidity and subsequently to 

precipitation changes. This implies that the regional precipitation changes 

observed stem from complex changes in circulation and associated relative 

humidity. 
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(iii) Although the absolute global-mean change in lower atmosphere RH is 

negligibly small (Figure 2.9), the global mean value is comprised of coherent, 

compensating small regional increases and decreases (Figure 2.2a) that appear 

to exert a profound influence on the modeled water cycle. It is notable that the 

regional changes to precipitation correlate significantly to regional changes in 

lower atmospheric RH (Figure 2.2c and discussion). As noted by others [e.g. 

Held and Soden, 2006; Seager et al., 2007; Allan and Soden, 2007], the 

ensemble model results indicate that wet areas gain in precipitation and dry 

areas are prone to more droughts. The results highlight how small changes in 

relative humidity, in part induced by shifts in the atmospheric circulation, 

dramatically influence changes to the model precipitation. The relevance of the 

association between the circulation and water vapor on preciptation is also 

noted in Meehl et al., [2005]. 

(iv) Global cloud amount decreases in the middle troposphere defined by the layer 

between 680 and 440 hPa and the slight cloud decreases in the lower 

troposphere act in a manner to expose the warmer atmosphere below to high 

clouds thus resulting in a net warming of the atmospheric column by clouds. 

(v) Model predicted water vapor increases per degree of warming occur at a rate 

that is more than three times the respective rate of increase of precipitation 

(Figure 2.3). Thus water vapor builds in the atmosphere faster than it can be 

precipitated out. This result has many implications, two of which are 

examined. The result clearly points to the influence of factors other than water 
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vapor alone on global precipitation. As a consequence of these controls, it 

takes longer for the increasing water vapor in the model atmosphere to cycle 

through the atmosphere implying a slowing of the atmospheric branch of the 

hydrological cycle (Figure 2.4b and Figure 2.9). Furthermore, the ratio of 

global changes in precipitation to global changes in water vapor offer some 

insight on how readily increased water vapor is converted into precipitation in 

modelled climate change. This ratio € is introduced here as a gross indicator of 

the global precipitation efficiency under global warming. (Figure 2.4a). 

(vi) Increases in the global precipitation track increases in atmospheric radiative 

energy loss (Figure 2.7) and the ratio of precipitation sensitivity to water vapor 

sensitivity is primarily determined by changes to this atmospheric column 

energy loss. A reference limit to this ratio, namely €wv, is introduced and set by 

the rate at which the emission of radiation from the clear-sky atmosphere 

increases as water vapor increases. It is shown in Figure 2.8 that the derived 

efficiency based on the simple ratio of preciptation-to-water vapor sensitivities 

in fact closely matches the sensitivity derived from simple energy balance 

arguments involving changes to water vapor emission alone. That is as water 

vapor increases, the atmosphere cannot emit radiation at a rate that is large 

enough to require precipitation increases that match the rare of increase in 

water vapor, 

(vii) Although the rate of increase of clear sky emission is the dominant factor in 

the change to the energy balance of the atmosphere (Figure 2.9), and in 
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establishing the efficiency e, there are two important and offsetting processes 

that contribute to e in the model simulations studied. One involves a negative 

feedback through cloud-radiative heating (Figure 2.9) that acts to reduce the 

efficiency (Figure 2.8). The second is the global reduction in sensible heating 

(Figure 2.9) that counteracts the effects of the cloud feedback and increases e. 

Although the global scale influences on precipitation, the main topic of this 

section, appear to have little direct relevance to the important topic of understanding the 

character of precipitation change and its regional consequences, these results nevertheless 

provide a context for developing a broader understanding of this topic. The results 

explain why the rate at which water is cycled through the atmospheric hydrological cycle 

must reduce in global warming. There are other indicators that this 'slowing' of the 

atmospheric branch of the hydrological cycle is occurring in models, such as in the 

analysis of Held and Soden [2006] who note the reduced convective mass fluxes of 

models. This slowing of the cycle appears to manifest itself through a combination of less 

frequent but more intense storm events in models [Tselioudis and Rossow, 2006; Kharin 

and Zwiers, 2005]. 

This study also calls out another key point regarding the global control on 

precipitation changes. When considering global precipitation, the global mean changes in 

precipitation must be balanced by global mean changes in evaporation from the surface, 

the only source of water vapor for the atmosphere [Trenberth et al., 2003, Held and 

Soden, 2006, and others]. One of the important ramifications of this study is that by 

demonstrating that the increased cooling of the atmospheric column is the primary 
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constraint on global precipitation, by extension it must also control the global mean 

evaporation rate. As such, the local changes in moisture transport shown in Figure 2.1c 

in fact, represent a global mean increase in evaporation at a rate similar to that of the 

precipitation increase (1.3% K1). This inference is entirely consistent with the general 

increase in wind speeds noted in that figure, especially over the oceans. However, as 

Held and Soden [2006] point out in their study of precipitation changes, the response of 

lower tropospheric moisture is everywhere dominated by the thermodynamically 

predicted changes in moisture rather than moisture transport. The results of this study 

confirm those results. 

This study raises a number of questions. Are observed changes in global 

precipitation consistent with a rate of change that mirrors both the observed and modeled 

changes of water vapor or are they consistent with the notion that the growth of 

precipitation, controlled by energetics, is constrained for reasons mentioned in this 

chapter? Strong evidence exists to suggest that the observed water vapor content of the 

atmosphere is increasing at rates similar to that projected by climate models, at least over 

oceans [e.g Trenberth et al., 2005; Santer et al., 2007]. A number of studies suggest that 

the frequency of intense precipitation (e.g., the frequency of very heavy precipitation or 

the upper 0.3% of daily precipitation events) has increased over half of the land area of 

the globe [e.g. Groisman et al., 2005]. The studies of Fu et al. [2006] and Mitchell et al. 

[1987] also suggest that the areal extent of regions of the subtropics that comes under the 

influence of broad-scale subsidence might also be expanding in time, broadly consistent 

with the model drying tendency in the subtropics as implied in Figure 2.2. This result 
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appears to have been confirmed in the study of Allan and Soden [2007] who find that 

precipitation is observed to have decreased in descending regimes that typically define 

dry climatic regions between 30°N and 30°S. Although one might expect that the broad 

changes in precipitation distribution are shaped by changes to the large scale circulation, 

Emori and Brown [2005] suggest that the noted precipitation increases by more intense 

storms in models is governed by thermodynamics rather than changes in atmospheric 

circulation. 

Results of a number of recent studies seem to conflict with the results presented in 

this study. For example, Gu et al. [2007] analyze 27 years of GPCP data, as do Allen and 

Soden [2007], and find a trend in the tropical precipitation over oceans more similar to 

the stated water vapor trend (i.e. e ~ 1) than the projected trends of climate models. 

Zhang et al. [2007] report on analysis of 75 years of surface rain gauge data and note 

observed, regional changes of both signs are larger than modeled changes. Wentz et al. 

[2007] recently reported on a study that merges different global precipitation data 

sources, including GPCP, with their own microwave-based precipitation estimates, 

together with inferences on evaporation, and estimate a change in global precipitation 

of 6% K4 which again implies e —• 1. 

At first glance, it would appear from these studies that the models significantly 

underestimate the increase in precipitation suggested from observations. These 

observationally-based studies seem to suggest that the rate of increase of precipitation 

ought to be similar to the rate of increase of water vapor, i.e e ~ 1, yet the robust, 

physical constraints described in this paper suggest that € < 1 is to be expected and, in 
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fact, much closer to the values predicted by models. Feedbacks could occur in the real 

climate system that change the nature of the constraints discussed in this paper increasing 

£ toward the C-C value, although it is difficult to see how these feedbacks could alter the 

energy balance enough to push € to unity. For example, cloud changes could occur that 

are the reverse of those shown in Figure 2.5, such as by substantial decreases in high 

cloud and increases in low cloud thereby adding to the water-vapor induced atmospheric 

cooling. The analysis of this paper suggests this feedback would have to approximately 

quadruple the magnitude of the water vapoir based cooling perturbation for € —• 1 and this 

seems unrealistic given the net, global radiative heating of the atmosphere by clouds in 

the present climate is almost an order of magnitude smaller than that due to water vapor 

[Stephens et al., 2008]. 

This brings the focus on the observations studies themselves and, in particular, a 

focus on the observing system uncertainties related to those studies. The observations 

reported in most of these studies are not global, being restricted to over land [e.g. Zhang 

et al., 2007], or limited to the tropics [Allan and Soden, 2007] and thus can neither 

confirm nor refute the results of this paper. The only truly near-global (land and ocean) 

data source of precipitation is that of GPCP and much care is needed in interpreting any 

trend in these data as Gu et al. [2007] caution. GPCP data are a heterogeneous mix of 

satellite data of different types and sensitivities to precipitation (based on infrared and 

microwave radiances) as well as surface rain-gauge data [Huffman et al., 1997] and real 

uncertainty in the precision of these data has yet to be established. Gu et al. [2007] note 

that "the global linear change of precipitation is near zero" (one might estimate less than 
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1% K"1 based on their trends) yet Wentz et al. [2007] using their own satellite microwave-

based product over oceans combined with the over-land GPCP arrive at a conflicting 

result with precipitation changes approaching 6% K"1. Lambert et al. [2008] suggest that, 

while the precipitation may be changing at 6% K"1, the error on those measurements 

maybe up to 3% K"1. This merely highlights the inconsistencies in the global data 

sources themselves and, coupled with the difficulties that arise from calculating decadal-

scale trends with data that span a relatively short time period, serves as reminder that 

trends in these data should be treated cautiously at this time. 

The following chapter presents a new data source that may help to address some 

of this uncertainty. The CloudSat satellite [Stephens et al., 2002], which has been in orbit 

since 2006, provides data that can be used to detect the incidence and intensity of 

precipitation of the global oceans. It will be shown that this new algorithm, the details of 

which can be found in brief in the next chapter and in more detail in Haynes et al. [2008], 

provides more detailed knowledge of where precipitation is occurring and the kinds of 

cloud structures associated with that precipitation. This data can not only eventually help 

to understand changes in precipitation, but as will be shown, can be used to evaluate how 

weather and climate models predict precipitation and the clouds associated with them 

which, as this chapter has shown, has extremely important implications for the radiative 

budget of the atmosphere and the prediction of climate change and its consequences. 
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Chapter 3: Precipitation Incidence from 
CloudSat: Validation and Model 
Evaluation 

3.1 Introduction 

Observing changes in global precipitation is a topic of vital importance to the 

scientific community. Several recent studies [e.g. Allen and Ingram, 2002; Held and 

Soden, 2006; Stephens and Ellis, 2008] have argued that there are robust physical reasons 

why the average precipitation rate will likely increase in response to an increase in carbon 

dioxide in the atmosphere. Furthermore, Trenberth et al. [2003] argues that the nature of 

these changes are such that rainfall events are expected to become less frequent while at 

the same time more intense. Interestingly, it has been shown that while both weather 

forecasting and climate forecasting models predict changes in global precipitation 

frequency consistent with theoretical arguments [e.g. Tselioudis and Rossow, 2006; 

Kharin and Zwiers, 2005], they often do so through an incorrect combination of 

frequency and intensity [Sun et al., 2006, and references therein]. To increase scientific 

confidence in such predictions, these models should be able to reproduce both the 

frequency and intensity of precipitation as observed in the current climate system. 

The initial problem, therefore, is that before one can evaluate such models, one 

must identify an adequate dataset for the model comparison studies. Satellite datasets of 

precipitation are ideally suited for such comparisons due to their near-global coverage. 



However, conventional satellite-based observations of precipitation frequency suffer from 

a lack of sensitivity to light precipitation either due to instrument limitations or an 

inability to distinguish between light rain and cloud [Berg et al., 2006]. Petty [1997] 

found that ten special sensor microwave/imager retrieval algorithms often failed to detect 

precipitation at high latitudes or in regions of showery trade cumulus precipitation. 

Given that Haynes and Stephens [2007] showed that trade cumulus precipitation likely 

occurs more frequently than was once believed, this is a serious shortcoming. 

To that end, the new precipitation product [Haynes et al., 2008] from the 

millimeter-wave spaceborne Cloud Profiling Radar (CPR) [Im et al., 2005], flying in the 

A-Train constellation on board CloudSat [Stephens et al., 2002] provides a unique 

opportunity to perform such comparisons over the global oceans. However, before model 

comparisons can be conducted with new data such as these, the new data must first be 

vetted through comparison with widely-accepted existing datasets such as the ground 

based [e.g. Sun et al., 2006; Dai et al., 2001a, and others] and ship-based [e.g. Petty, 

1995] data that have been used repeatedly. These data present technical challenges 

because they are neither global nor homogeneous and are often taken by various 

observing platforms. Yet, through careful quality control, they provide highly-suitable 

sources of data that test the detection of precipitation in a variety of locations around the 

world. 

Once the CloudSat precipitation data have been verified using the existing 

incidence data, the door is open for analyzing the characteristics of precipitation clouds 

over the oceans from the perspectives of both observation and model. In particular, this 
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study seeks to examine how often it rains over the global oceans and what kinds of clouds 

are producing the rain. Furthermore, with special model runs of the state-of-the-art 

European Center for Medium-Range Weather Forecasting (ECMWF) weather model 

(more information at http ://www. ecmwf. int) and the Met Office Unified Model 

HadGAMl [Martin et al, 2006], it is possible to examine the types of clouds that produce 

precipitation in various regions around the world in these models in the hopes of gaining 

new insights into how precipitation is produced in models as well as in the observable 

atmosphere. 

3.2 Data and Methodology 

3.2.1 The CloudSat Precipitation Algorithm 

In addition to its well-documented ability to profile clouds in the atmosphere [e.g. 

Mace et al. 2007, Posselt et al. 2008], the combination of path-integrated attenuation 

(PIA) and high sensitivity radar reflectivity observations from CloudSat's 94 GHz (W-

band) nadir-pointing CPR provide an ideal combination of measurements for detecting 

precipitation with a high degree of confidence. Haynes et al., [2008], for example, 

outline an approach that uses surface wind speed, sea surface temperature, and 

atmospheric temperature and moisture profiles over the oceans from the ECMWF 

weather model to determine the theoretical backscatter cross section of the surface in the 

absence of hydrometeors. Comparison of the radar-observed backscatter cross section 

against this theoretical model provides a means of measuring the PIA, which in turn can 

be used to detect the presence, and often the intensity, of precipitation. 
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Following Haynes et al., [2008] the sum of the observed near-surface radar 

reflectivity (480 m and 720 m above sea level) and the contributions from PIA and 

gaseous attenuation provides an estimate of the unattenuated near-surface reflectivity 

value. The larger the value, the more likely that precipitation is occurring. Thus, 

threshold values of this reflectivity can be chosen to indicate the likelihood of 

precipitation. For rain, the threshold reflectivity over which precipitation is certainly 

occurring is approximately 0 dB [Schumacher and Houze, 2000]; reflectivities between 

-15 dB and 0 dB indicate that drizzle is probably occurring [Frisch et al, 1995, Stevens et 

al, 2003]. For snow (i.e. when the entire atmospheric temperature profile is below 0°C), 

the threshold for certain precipitation is approximately -5 dB. The result is an algorithm 

that, unlike other spaceborne precipitation radars, is sufficiently sensitive to the presence 

of small water droplets that even incipient precipitation can be detected [Stephens and 

Haynes, 2007]. Furthermore, unlike passive microwave sensors that suffer from an 

inability to distinguish cloud and precipitating liquid, the use of reflectivity ensures that 

sufficient numbers of large droplets exist to guarantee the presence of precipitation. In 

heavy rain events when the CPR signal may be fully attenuated, this algorithm will still 

mark the presence of precipitation, allowing the detection of precipitation events across a 

full spectrum of intensities. Finally, the use of low-level reflectivity data make it likely 

that detected precipitation is actually reaching the ground. 

To evaluate this product, it is compared with two existing surface data sets that 

provide precipitation occurrence data over the oceans, albeit with much less spatial 

coverage: the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) 2.4 
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ship-based data [Worley et al, 2005], and Global Summary of the Day (GSOD) 

precipitation data [Lott and Baldwin, 2002] available from the National Climatic Data 

Center (NCDC). The following sections include information on each of these datasets 

and how they are used. 

3.2.2 The International Comprehensive Ocean-Atmosphere Data Set (ICOADS) 

The ICOADS dataset includes a wealth of standard ship synoptic weather data as 

well as a series of valuable quality control flags that can be used to parse those data. This 

portion of the study constructs a global-ocean climatology of precipitation incidence 

using primarily the present weather observation (IMMA code "ww") reports extracted 

from the ICOADS dataset for the time period covering August 2006 - July 2007 in order 

to overlap the first full seasonal cycle captured by CloudSat. 

This study closely approximates the methods of Dai [2001a] and Petty [1995], 

including the extensive quality control measures used to avoid various errors often found 

in ICOADS data. For an observation to be considered valid, the algorithm implemented 

in this study requires it to pass a series of three checks. First, the internal quality control 

(QC) flags for seas surface temperature (SST) must be valid. As such, the algorithm 

requires that the NCDC-QC flag (IMMA code "SNC") equals 1 (which indicates a 

correct, internally consistent value of SST) and/or the adaptive ICOADS QC flag 

(IMMA code "SQZ") is between "D" and "N" (which indicates that the data are within 

2.5 standard deviations of the smoothed climatological SST for that region). As in Petty 

[1995], the intent of this procedure is to reduce the impact of mislocated reports, 

especially in the southern oceans where there is already a dearth of observations. 
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Secondly, the algorithm checks the station/weather indicator flag (IMMA flag "IX") to 

see whether or not the a missing weather report is due to a lack of observable weather or 

a missing report altogether; for this study, "IX" flag values of 1,2, 4, or 5 are considered 

valid observations. Finally, the algorithm checks to make sure that there is a non-missing 

cloud observation (IMMA code "N"). In Petty [1995], this check was implemented to 

avoid errors due to missing weather codes reported due to a lack of reportable 

phenomena. While at first glance, this might seem to be redundant with the check of the 

"IX" flag, Dai [2001a] reported inhomogeneities that were attributed to the introduction 

of the "IX" flag in 1982 and its inconsistent use. In light of this report, this study applies 

both quality checks to keep reporting errors to a minimum. 

The main difference between this study and those of Petty [1995] and Dai [2001a] 

is found in the selection of a different subset of the present weather codes as precipitation 

events. Table 3.1 lists the code numbers used in this study, which were selected to 

include both rain and snow so to represent both "possible" and "certain" precipitation 

events that CloudSat might be able to detect. Any code not listed in Table 3.1 is 

classified as non-precipitating. While "certain" events are those that would definitely be 

detected by the CPR, "possible" events include a variety of reports including: 

precipitation reported within sight of, but not at the ship, events related to precipitation 

(such as lightning) but without an actual precipitation report, precipitation in the hour 

preceding the observation, potentially small-scale events such as thunderstorms and 

showers, and freezing rain. Due to extraordinary amount of detail included in each of the 

weather codes, the reader is referred to the extensive listing in Dai [2001a, Table 1] for 
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more details on these classifications rather than duplicating them here. More importantly, 

the difference between the number of observations that include only "certain" 

precipitation events and the number of observations that include both "possible" and 

"certain" precipitation provides a range of acceptable values of frequency of precipitation 

incidence for comparison to the satellite observations. Finally, due to the spatial 

inhomogeneity of ship-based reports, both the ICOADS reports and CloudSat data are 

zonally averaged into 2.5 degree latitude bands. This also provides the advantages of 

increasing the number of observations used in the calculations and giving a more global 

sense of the agreement between CloudSat and the ship-based observations. 

Certain 

50,51,52,53,54,55, 

58,59,60,61,62,63, 

64,65,80,81,82,91,92 

Possible 

13,14,15,16,17,18, 

19,20,21,23,24,25, 

26,27,29,56,57,66, 

67,68,69,83,84,87, 

88,89,90,93,94,95, 

96,97,98,99 

Table 3.1: WMO present weather codes ("ww") used to classify ICOADS precipitation events as possibly 
or certainly detectable by CloudSat. See Dai [2001a] for more details on these codes. 

3.2.3 Global Summary of the Day (GSOD) Station Data 

One drawback of performing analyses using only zonal averages is that they 

eliminate the opportunity to evaluate precipitation occurrence statistics for individual 

locations and/or individual systems. To address this concern, this study also compares 
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daily precipitation reports extracted from the GSOD dataset for a collection of island 

stations, sea platforms, and moored buoys from around the globe. These data, which 

span the years 1929 through present, report eighteen surface meteorological elements for 

each day (0000 - 2359 UTC) and present both daily ranges and averages calculated from 

synoptic and hourly data sources. The ingested data are run through extensive automated 

quality control before they may be considered valid and at least four separate valid 

observations are required to create one valid summary of the day. 

For this study, GSOD data from August 2006 - July 2007 are used to coincide 

with the other two datasets. This was accomplished through a painstaking process that 

combined both objective and limited subjective selection criteria. First of all, all 

locations were examined by hand to ensure that they were in fact islands and not part of a 

continental landmass. Secondly, all data sites with elevations over 100 meters were 

discarded in order to select sites that would be more ocean like and less affected by 

orography. Finally, stations located on large islands (usually islands with multiple 

reporting stations) and stations located on islands within close proximity of continental 

land masses were also eliminated. This left 544 stations in 2006 and 885 in 2007 with 

data available for comparison to CloudSat. This mismatch in the number of stations 

available for each year, however, is not an issue due to the nature of the calculation of the 

precipitation incidence for this product. Since GSOD data provide total daily 

precipitation, these data can only be used to calculate the frequency of "rain days," which 

is defined for GSOD as a day when non-zero liquid equivalent precipitation or a trace of 

precipitation (precipitation flag "H") was reported. Therefore, the precipitation incidence 
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for a station is simply the proportion of "rain days" to the total number of days for which 

valid observations are available. 

One must also note the difficulty in comparing a surface observation at a point to 

a satellite observation that may not pass directly overhead. This study includes any 

CloudSat observations that pass within the 2.5 x 2.5 degree box centered on the station's 

location on a given day. This certainly inflates the number of "rain days" CloudSat 

would detect when there is non-zero rain rate in the box around a station. However, that 

inflation must be weighed against the difficulty of using a smaller bounding box results in 

too few observations to obtain a reliable estimate of precipitation incidence. In this case, 

the reliability of the statistics from CloudSat outweighed the desire to use a smaller grid 

size, though it is hoped that with a longer span of data one would not have to choose. 

3.2.4 The European Center for Medium-Range Weather Forecasting (ECMWF) 

Weather Forecast Model 

For the purposes of comparison with CloudSat, two sets of model prediction 

experiments were performed to include specific information on the vertical structure of 

clouds associated with model-predicted precipitation. One set of model data were 

provided by Angela Benedetti of ECMWF using a special run of the Integrated 

Forecasting System (IFS) for the time period June-August 2007. This was a standard 

forecast configuration of model release cy31r2 with 60 vertical model levels and a 

horizontal resolution of T511 [Benedetti, personal communication]. The only significant 

difference from a standard run is that the model saved non-standard output on 

precipitation for cloud top heights below 4.75 km, between 4.75 km and 11 km, and 
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above 11 km following the analysis of Haynes and Stephens [2007]. For more 

information on all of the physical schemes implemented in this model, the reader is 

referred to the most recent information available in the online documentation at http:// 

www.ecmwf.int and the technical memo on the model physics by Tompkins et al. [2004]. 

Precipitation often falls from layered cloud systems, with lower precipitating 

clouds existing under a canopy of higher clouds such as anvil cirrus from distant 

cumulonimbus [e.g. Stephens and Wood, 2007]. Therefore, when layered clouds are 

precipitating, it is important to distinguish between the precipitating clouds and the non-

precipitating clouds above them. Therefore, the cloud top height data were calculated in 

two different ways in an attempt to identify these different clouds. The first method 

counts up from the bottom of the model until the top-most layer where the precipitation 

rate was found to be greater than 0.05 mm hr1 was located. This method has the 

advantage of most closely identifying the top of the precipitating cloud in cases where 

there are multiple cloud layers. The other method locates cloud top height by examining 

model layers from the bottom up and looking for the top-most layer where the model 

drops below threshold values of cloud (1%), liquid water content (0.02 g nr3), and ice 

water content (1.7xl0~3 g nr3). This method provides cloud top heights similar to 

"traditional" cloud-top heights most commonly observed by passive microwave or visible 

satellite imagery. It should also be noted that using a rain rate of 0.05 mm hr1 is not 

common practice; most observations use a threshold of 0.01 mm hr"1. However, in this 

case the higher threshold is closer to where the lower detection threshold of CloudSat lies 
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[Haynes et al., 2008]. While not shown, this choice of thresholds has no significant 

bearing on the results. 

3.2.5 The HadGAMl Climate Configuration of the Met Office Unified Model 

The other model data source is provided by Alejandro Bodas-Salcedo using 

simulations from the atmosphere-only version of the latest climate configuration of the 

Met Office Unified Model (MetUM), referred to as HadGAMl. HadGAMl uses a 

horizontal resolution of 1.25 degrees latitude by 1.875 degrees longitude, and has 38 

vertical levels, the top level being at around 39 km. The dynamical core is a two-time 

level semi-implicit, semi-Lagrangian formulation and is also non-hydrostatic [Davies et 

al., 2005]. A more detailed description of HadGAMl and its physical packages is given in 

Martin et al. [2006]. Its performance in terms of global climatology, variability, regional 

climate, and surface radiation budget can be consulted in Martin et al. [2006], Ringer et 

al. [2006], and Bodas-Salcedo et al., [2008]. 

The model is forced with present-day (1980 to 2000) observed climatological sea 

surface temperatures (SSTs), and run for 15 years. Three-hourly cloud and precipitation 

fields are extracted for the last five JJA seasons and the maximum and minimum cloud 

tops for those grid boxes where precipitation occur are output for analysis. These are 

again broken down by height into the same cloud height bins following the work of 

Haynes and Stephens [2007]. Furthermore, the maxima and minima again provide an 

opportunity to evaluate precipitation from layered cloud structures. The minimum cloud 

top height data can be used as a way of representing the height of the precipitating cloud 

in a layered system, while the maximum cloud top height can be used for comparison to 
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the "traditional" cloud top height as before. For the sake of comparison, the same 

precipitation threshold of 0.05 mm hr1 is applied to these data as well. There is one 

additional point worth noting, however. At this time, the HadGAMl model cannot output 

vertical cloud profiles for convective precipitation, which means that in those cases the 

minimum and maximum cloud top heights are identical. It is believed that this is not an 

issue since model convective cloud is rarely multilayered [A. Bodas-Salcedo, personal 

communication]. 

3.3 Results and Discussion 

3.3.1 Surface-based validation 

Figure 3.1 presents zonal-mean comparisons of the CloudSat frequency of 

precipitation occurrence, including certain rain events (asterisks) and certain rain and 

certain snow events (filled circles) to the ICOADS ship-based reports (grey bars) in the 

annual mean (Figure 3.1a), as well as in each of the four seasons (Figures 3.1 b-e). The 

meridional patterns of precipitation exhibited in these plots are consistent with the results 

of Petty [1995] using ship-based data alone. The ITCZ is evident in all plots and 

precipitation increases in the winter hemispheres due to mid-latitude storms. In the 

annual mean (Figure 3.1a), the frequency of occurrence of rain and snow detected by 

CloudSat falls within the range of values one would expect based on the ICOADS data 

between the latitudes of 60°S and 70°N. This is a very encouraging result, illustrating 

how well the sensitivity of the CPR performs at detecting snowfall in the high latitudes. 

The seasonal cycle of precipitation frequency as detected by CloudSat (Figures 3.1 b-e) 

is also consistent with that observed from the ICOADS data, showing the precession of 
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precipitation maxima to the winter hemisphere as well as the slight migration of the 

rainfall maximum associated with the poleward migration of the ITCZ over the Pacific 

Ocean in boreal summer and fall. 

There are some caveats worth noting as well. First of all, it is impossible to 

evaluate the performance of CloudSat poleward of 60°S or 70°N due to a lack of ship-

based data. In these regions, there are fewer than 10 ship-based observations for the 

entire year. Therefore, while the excellent agreement at all other latitudes suggests that 

these data are reliable as well, CloudSat observations poleward of these latitudes should 

be treated with additional caution. Additionally, one might note that CloudSat 

observations are always at the low end of the ICOADS range of precipitation incidence 

observations, and in some cases (particularly in the tropics) the CloudSat data appear to 

indicate fewer instances of precipitation than ICOADS. This is likely due to the fact that 

only observations flagged as certain precipitation were included in this analysis. Were 

CloudSat observations that had been flagged as probable rain or snow events also 

included in this analysis, CloudSat incidence values would all fall well within the 

ICOADS ranges. For this presentation, however, it was deemed more instructive to show 

that, even using the most strict thresholds, the performance of the CloudSat retrieval was 

consistent with the ship-based data. 
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Figure 3.1: (a) Zonal mean annual mean precipitation incidence as reported by CloudSat for August 2006— 
July 2007 including only rain reports (circles) and both rain and snow reports (stars) compared against a 
range of values that represent the range of possible precipitation incidence values for that latitude band 
based on ICOADS ship reports for the same period, (b) The same but for DJF only, (c) MAM only, (d) 
JJA only, (e) SON only. 
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Figure 3.2 shows how CloudSat data compare to the selected GSOD stations for 

the period from August 2006 - July 2007. Figure 3.2a presents the annual mean, while 

Figures 3.2b-e show the comparisons for each of the four seasons. Overall, the number 

of rain days as determined from CloudSat compares favorably to those determined from 

the station data from GSOD. The scatter about the one-to-one ratio line (solid diagonal 

line) appears qualitatively to be quite good considering that it is a comparison of satellite 

observations in 2.5 x 2.5 degree boxes to point observations. There doesn't appear to be 

a seasonal dependence to the relative perfoirnance of CloudSat to GSOD. 

There are a significant number of reports where CloudSat reported rain days 

around stations where no rain days were reported. In many cases, this is likely due to the 

larger observing area afforded to the definition of a rain day for CloudSat. It is simply 

more likely that it will rain in an area several hundred square kilometers in size in a given 

day. However, in some cases this may also be due to poor quality or few valid reports in 

the GSOD data. And in some cases, it may be the climate of particular stations that place 

them in rain shadows that are otherwise undetectable without a much more thorough 

analysis. These anomalous data points are illustrative of the difficulties inherent in 

performing validation studies. Nevertheless, the large number of data points that do not 

appear to exhibit any of these issues seems to indicate that there seems to be little 

significant impact on the study. 

60 



0.0 0.2 0.4 0.6 0.8 1.0 ' 0.0 0.2 0.4 0.6 0.8 1.0 
CloudSat Precip Fraction CloudSat Precip Fraction 

Figure 3.2: (a) Annual mean scatter plot of GSOD precipitation incidence (precip fraction) to the CloudSat 
precipitation incidence in the 2.5x2.5 degree boxes surrounding those stations. The thin solid line 
represents a slope of one, and the thick solid line flanked by dotted lines represents the best fit through zero 
for the data. The slope of this fit is 0.80 ± 0.04., (b) The same as (a), but for the DJF season, with a fit of 
0.78±0.04, (c) MAM, fit is 0.81±0.04, (d) JJA, fit is 0.84±0.05, (e) SON, fit is 0.87±0.05. 
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In addition to the raw scattered data, each figure shows the least-squares linear fit 

to the data (excluding the anomalous data discussed previously), bounded by the 95% 

confidence intervals in the slope parameter. The slope of the fit to the annual mean is 

0.80 ± 0.04 and ranges from 0.78 in JJA to 0.87 in MAM. The correlation coefficients 

for each fit were between 0.83 and 0.85. These fits indicate that there is a slight bias 

towards higher precipitation incidence as observed by CloudSat. As mentioned in the 

previous section, a bias toward CloudSat would be expected because, by including a 

larger possible area for precipitation to occur, the probability of precipitation occurring 

necessarily would increase. It may be possible in the future to mitigate this effect by 

requiring that a threshold number of consecutive rainy pixels be detected before the 

CloudSat rain day flag be set, since this would potentially limit rain days to large-scale 

organized precipitation that likely would affect the station as well. 

Despite the uncertainties inherent in using ground based data to validate the 

precipitation incidence observed by CloudSat, there are plausible explanations for nearly 

all of the anomalous incongruities between the datasets. Furthermore, those uncertainties 

are diminished in the face of the otherwise excellent agreement, especially with the 

measurement of snow in high latitudes and the precession of precipitation maxima with 

seasons. Thus, one can conclude from this analysis that CloudSat reliably retrieves the 

incidence of precipitation from space and should be used to further understand the nature 

of precipitation processes in the climate system. 
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3.3.2 CloudSat Precipitation Incidence 

Figure 3.3 presents the frequency of precipitation incidence as observed by 

CloudSat for the period August 2006-July 2007. Figure 3.3a provides a 2.5 x 2.5 degree 

map of the annual mean of the precipitation incidence (including scenes classified as 

certain rain and certain snow). Notable features include the relatively high frequencies of 

precipitation occurrence (greater than 20%) in the inter-tropical convergence zone (ITCZ) 

and the mid-latitude storm tracks roughly poleward of 40 degrees latitude. Though not 

shown by this figure, it can be deduced in combination with Figure 3.1 that much of the 

precipitation observed by CloudSat poleward of 50 degrees latitude is falling as snow. 

The global mean precipitation incidence derived from this map (rain and snow) is 11.2%; 

the global mean including only rain is 9.0%. As a basis of comparison, the precipitation 

incidence calculated from the AMSR-E instrument [Wilheit et al., 2003] flying aboard 

Aqua in the A-Train constellation is only 4.3%, showing the drastic underdetection of 

precipitation by the passive microwave sensor. Figure 3.3b shows the zonal-mean 

seasonal cycle of the same data. There are several important features of the seasonal 

cycle of CloudSat observations worth calling out. First of all, one should note that 

CloudSat data appear to reflect the reduced precipitation in the midlatitudes of both 

hemispheres during their respective summers due to reduced numbers of mid-latitude 

baroclinic storms in the summer months. The northward shift of the tropical precipitation 

in the boreal summer and fall suggest the detection of the northward migration of the 

ITCZ during those seasons. Finally, CloudSat data suggest that the seasonal cycle of 

precipitation incidence has a larger amplitude in the northern hemisphere. This is likely a 
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signal of the larger reservoir of available potential energy for mid-latitude storms due to 

the larger temperature gradients created by the greater land mass in the north. All of 

these features are consistent with the results of Dai [2001a]. These observations, 

particularly those regarding precipitation in the poleward of the tropics, showcase the 

utility of the observations that CloudSat is uniquely situated to provide. 
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Figure 3.3: (a) Annual mean frequency of precipitation incidence as observed by CloudSat for the period of 
August 2006-July 2007. (b) Zonal mean frequency of precipitation incidence as observed by CloudSat for 
each individual season, illustrating the observed seasonal cycle of precipitation incidence. 

i 1 1 1 1 1 1 1 1 1 1 1 l 1 r 

DJF 
MAM 
JJA 
SON 

64 



Now looking specifically at June-August of 2007 (for comparison to the models 

shown subsequently), global maps of the types of clouds detected when CloudSat detects 

rain or snow are shown in Figures 3.4 and 3.5. Figure 3.4 presents the relative frequency 

of occurrence of lowest cloud top height (CTL) when precipitation is detected, while 

Figure 3.5 presents the relative frequency of occurrence of the highest observed cloud top 

height (CTH). In each case, the cloud heights are broken down into the three height bins 

defined in section 3.2.4: low clouds below 4.75 km, mid-level clouds between 4.75 and 

11 km, and high clouds above 11 km. Again, it is important to keep in mind that CTL 

best represents the cloud top height of the precipitating cloud in a layered cloud structure 

while CTH often represents the cloud traditionally referred to as "cloud top height" and 

which is most often observed by passive microwave satellite sensors. 

The results of Figure 3.4 show many interesting features. In the tropical oceans, 

precipitation predominantly falls from low level clouds (Figure 3.4a), particularly in the 

regions most noted for the presence of marine stratocumulus cloud and trade cumulus 

cloud. Poleward of those regions, precipitation appears to be relatively equally 

partitioned between all three cloud types, although it appears that high cloud tops, which 

likely signal the frequent occurrence of deep convection, rarely occur poleward of 45 

degrees latitude and when they do occur, they appear to be located in regions that would 

be associated with frontal passage (Fig 3.4c). In the tropical west Pacific ocean, 

precipitation appears to fall equally from both deep convective and mid-level clouds, but 

there is a dearth of low-level precipitating cloud in this region. The mid-level mode (Fig 

3.4b) accounts for 20-60% of the precipitation near the ITCZ and the South Pacific 
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Convergence Zone (SPCZ) and further suggests the importance of shallow convection 

(i.e. the congestus mode [Johnson et al. 1999]). Finally, one can also infer vertical 

heating profiles from the depth of the precipitating clouds, where deeper precipitating 

clouds would have higher latent heating peaks from the formation of precipitation. In 

general, these results appear to confirm the previous findings of Schumacher et al., 

[2004], who used the Tropical Rainfall Measurement Mission (TRMM) Precipitation 

Radar to calculate vertical latent heating profiles in the tropics and found that the peak 

heating was generally lower in the eastern Pacific (around 700 hPa or ~3 km) and higher 

in the western Pacific (around 400 hPa or ~7 km). 
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Figure 3.4: The CloudSat observed relative frequency of occurrence of the cloud height of the lowest cloud 
layer when precipitation is detected (CTL) in June-August 2007, broken down by three ranges of heights: 
(a) low clouds (less than 4.75 km), (b) mid-level clouds (between 4.75 km and 11 km), and (c) high clouds 
(greater than 11 km). The deepest shade of red indicates a frequency of 1.0. 
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Figure 3.5: The CloudSat observed relative frequency of occurrence of the cloud height of the highest cloud 
layer when precipitation is detected (CTH) in June-August 2007, broken down by three ranges of heights: 
(a) low clouds (less than 4.75 km), (b) mid-level clouds (between 4.75 km and 11 km), and (c) high clouds 
(greater than 11 km). The deepest shade of red indicates a frequency of 1.0. 
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Figure 3.5 illustrates the often layered nature of the precipitation systems 

observed in the atmosphere. While Figure 3.5a demonstrates that the marine 

stratocumulus are often the only clouds in the sky in those regions, which is entirely 

consistent with the general circulation model of the ocean-atmosphere system, Figure 

3.5c illustrates how high cloud pervades much of the deep tropics. These high clouds, 

often produced as the anvil cirrus outflow from deep convection, exist in the tropical west 

Pacific ocean nearly 100% of the time that precipitation is detected. One might contend 

that a reporting system that only reports the presence of this highest cloud top would miss 

the important structure of the mid-level clouds known to be precipitating beneath. A 

similar phenomenon occurs in the high latitudes, although in this case, more mid-level 

CTH is reported than mid-level CTL, indicaiting that shallow low clouds are precipitating 

underneath mid-level clouds. Perhaps this might be an indicator of a "seeder-feeder" 

mechanism whereby enhanced precipitation is produced when ice-crystals from a higher 

cloud precipitate into a lower liquid water cloud [e.g. Rutledge and Hobbs 1983], 

however more detailed study would be warranted before such a hypothesis could be 

conclusively verified. Nevertheless, the findings presented in Figures 3.4 and 3.5 

confirm and expand upon the results of Haynes and Stephens [2007] which were 

conducted using only three months of data from early CloudSat results, and continue to 

be broadly consistent with the surface observations described by Stephens and Wood 

[2007]. 
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3.3.3 CloudSat and Model Comparison Study 

The CloudSat precipitation incidence results also provide a strong basis of 

comparison against the two special model runs provided especially for this study. The 

results of these comparisons are partly summarized by Figure 3.6, which presents the 

relative frequencies of occurrence of low, middle and high cloud top heights for likely-

precipitating clouds (Figure 3.6a) and the top-most cloud in a precipitating scene (Figure 

3.6b). These results include observed precipitation from CloudSat for June-August 2007, 

ECMWF model predictions for the same time period, and a 5 year JJA climatology from 

the HadGAMl climate model. Before discussing the results, there are three procedural 

points are worth noting. First, because the HadGAMl results represent a climatological 

average over 5 successive JJA periods, the results are greatly smoothed and many small 

spatial and temporal scale events will likely be averaged out of the results. Secondly, the 

results are broken into various regions based on latitude and longitude. Table 3.2 

provides the defining coordinates for the bounding boxes for these regions, as well as 

various measures of the precipitation incidence in each region. Finally, for the sake of 

convenience, the cloud top height of the lowest cloud layer (i.e. the minimum cloud layer 

of the HadGAMl model or the cloud top as calculated using the precipitation method 

from ECMWF) shall be referred to as the CTL to be consistent with the CloudSat 

nomenclature. Similarly, the cloud top height of the highest cloud top layer shall be 

referred to henceforth as CTH. This is not, however, meant to dismiss the differences in 

how these heights are calculated, but simply to connect the most similar data for simpler 

comparison. 
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Figure 3.6: Regional breakdown of the relative frequency of occurrence of different cloud top heights for 
precipitation scenes. The left most set of bars represents the fraction of clouds below 4.75 km (low clouds), 
the middle set of bars represents the mid-level cloud top heights (4.75-11 km), and the right most set of 
bars represents high cloud top heights (above 11 km). In each set, the different shades distinguish between 
the CloudSat observed clouds and the ECMWF and HadGAMl predict cloud distributions. The regions are 
defined in Table 3.2. (a) The relative frequency of cloud top height of the lowest detected cloud (CTL), 
which is presumably the cloud producing the surface precipitation, (b) The relative frequency of 
occurrence of the highest cloud top in the area (CTH). See text for more discussion. 

71 



Region Latitudes Longitude CloudSat PI HadGAMl PI ECMWF PI 

West Pacific 10°S-20°N 105°E-160°E 

Indian Ocean 10°S-30°N 95°E-105°E 

Central Pacific 10°S-30°N 180°-90°W 

Central Atlantic 10°S-30°N 90°W-10°E 

Southern Oceans 60°S-40°S All 

Northern Pacific 30°N-60°N 140°E-120°W 

Northern Atlantic 30°N-60°N 75°W-10°E 

0.102 

0.102 

0.182 

0.164 

0.172 

0.105 

0.085 

0.280 

0.235 

0.174 

0.174 

0.403 

0.230 

0.182 

0.108 

0.107 

0.060 

0.111 

0.029 

0.113 

0.100 

Table 3.2: Selected regions for comparison as well as observed and predicted values of precipitation 
incidence (PI) for each region and platform. 

Figure 3.6a illustrates that there is a surprising amount of agreement between the 

the two models and the CloudSat observations when considering the regional average 

statistics of the presumably precipitating clouds. In five of the seven regions, the model 

predicted cloud was within 10% of the observed relative frequency of occurrence. That is 

remarkable similarity, and somewhat unexpected when considering that these models are 

too spatially and temporally coarse to explicitly resolve convection. However, there are 

notable anomalies apparent in Figure 3.6a as well. In the Western Pacific region, both 

models predict about 10% more CTL classified as high cloud than CloudSat observed, 

which presumably means 10% more deep convection instead of shallow or congestus-

mode precipitation. Meanwhile, in the Central Pacific, the ECMWF model predicts more 

than 30% fewer low precipitating clouds as compared to CloudSat, and the HadGAMl 

model predicts 20% fewer. This finding is significant because of the important role that 

shallow convection plays in regulating the tropical hydrological cycle [e.g. Stephens et 

al., 2004]. And in the northern oceans, the ECMWF model produces no high 

precipitating cloud at all, which indicates that deep convection is entirely suppressed in 
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the midlatitudes in this model. These widely varying discrepancies in the regional 

average results do not however appear to support any general conclusions about the 

performance of the models in specific or together, excepting perhaps a suggestion that the 

convective parameterizations might need adjustment if the proportions of rain associated 

with various types of convection are incorrect. 

The results of the highest cloud top heights shown in Figure 3.6b suggest much 

less agreement. On one hand, the agreement between the HadGAMl climate model and 

CloudSat about the relative frequency of occurrence of clouds in the northern oceans is 

very good and the ECMWF model is not much worse, though it seems to underpredict the 

presence of high cloud. This suggests perhaps that the models are performing well at 

producing the structure of midlatitude cyclones, which CloudSat also has recently been 

shown to discern well [Posselt et al., 2008]. On the other hand, there is evidence that the 

models underdetermine the presence of high cloud over precipitating scenes in the 

tropics. Particularly, the predominance of high clouds in CTH observed in the tropics by 

CloudSat coupled with the absence of high cloud in CTL in the same locales (Figure 

3.6a) suggests that these high clouds are cirrus anvils. That the models predict the 

presence of these clouds, up to 20-40% too infrequently in the Indian Ocean, is an issue 

that cannot be overstated. This study has the advantage of having been provided 

additional non-standard cloud layer data that allow for the identification of these layered 

cloud regimes. Without such additional information, there is a very high likelihood that 

such layered clouds could be misclassified as deep convection or perhaps thick 

stratocumulus -anything but the layered clouds they are. This would greatly impact the 
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vertical distribution of latent heating, which in turn would have consequent impacts on 

the general circulation of the atmosphere. This study is a unique opportunity to identify 

this issue and begin to study the possible effects it may have on predictions. 

Another potential impact could be on the radiation budget of the models. Cirrus 

clouds raise the effective emission level to space. The presence of thin cirrus cloud, 

therefore, reduces the amount of energy emitted from the atmosphere while often 

negligibly reducing the solar energy input [e.g. Stephens 2005]. The effect is a net 

warming of the atmospheric column, which in turn has implications for the entire climate 

system, including the moisture budget and the general circulation of the atmosphere. As 

was shown in the previous chapter, the amount of atmospheric cooling is a vital cog in 

the machinery of precipitation prediction with respect to climate change. The lower 

amount of cirrus apparent in these models, particularly the climate model, is a 

particularly large red flag. 

While the regional averages tell part of the story, they also somewhat understate 

some of the differences between the models' performance and the CloudSat observations. 

Figure 3.7 shows maps of the low, middle, and high CTL cloud top heights for the 

ECMWF model, and Figure 3.8 presents the same for the HadGAMl model. 
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Figure 3.7: The ECMWF predicted relative frequency of occurrence of the cloud height of the lowest cloud 
layer when precipitation is detected (CTL) broken down by three ranges of heights: (a) low clouds (less 
than 4.75 km), (b) mid-level clouds (between 4.75 km and 11 km), and (c) high clouds (greater than 11 
km). The deepest red shade indicates a frequency of 1.0. 
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Figure 3.8: The HadGAMl predicted relative frequency of occurrence of the cloud height of the lowest 
cloud layer when precipitation is detected (CTL) broken down by three ranges of heights: (a) low clouds 
(less than 4.75 km), (b) mid-level clouds (between 4.75 km and 11 km), and (c) high clouds (greater than 
11 km). The deepest red shade indicates a frequency of 1.0. 
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Notably, the prevalence of low cloud in both models is much more apparent, both in areal 

extent and in the case of the ECMWF model, the frequency with which 100% of the 

precipitation is falling from low clouds. The underprediction of precipitating mid-level 

cloud in the tropics compared to the CloudSat observations (Figure 3.5b) is also apparent 

in both models. Figures 3.9 and 3.10 present similar maps, but for the highest cloud top 

heights. A brief comparison of the areal extent of CloudSat high cloud CTH (Figure 

3.5c) to the two models (Figures 3.9c and 3.10c) reveals that the areal extent of the high 

cloud in the tropics predicted by the models is far less than observed. This is further 

evidence that the discrepancy in high cloud is likely due to underprediction of cirrus anvil 

clouds from deep convection in the tropics. 

77 



Figure 3.9: The ECMWF predicted relative frequency of occurrence of the cloud height of the highest 
cloud layer when precipitation is detected (CTH) broken down by three ranges of heights: (a) low clouds 
(less than 4.75 km), (b) mid-level clouds (between 4.75 km and 11 km), and (c) high clouds (greater than 
11 km). The deepest shade of red indicates a frequency of 1.0. 
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Figure 3.10: The HadGAMl predicted relative frequency of occurrence of the cloud height of the highest 
cloud layer when precipitation is detected (CTH) broken down by three ranges of heights: (a) low clouds 
(less than 4.75 km), (b) mid-level clouds (between 4.75 km and 11 km), and (c) high clouds (greater than 
11 km). The deepest shade of red indicates a frequency of 1.0. 

79 



Finally, it is important to revisit the total precipitation incidence as calculated by 

CloudSat and the two models. On top of all of the proportional differences in the types of 

clouds that produce rain, it is extremely important to keep in mind that the models 

produce rain with different frequencies than those observed by CloudSat. Table 3.2 

illustrates that for each region, the HadGAMl climate model produces precipitation often 

twice as frequently as is observed in the present climate. Meanwhile, the ECWMF model 

produces precipitation with nearly the same frequency, though it produces precipitation 

less frequently in the central Pacific and Atlantic oceans which may be connected to the 

differences in observed shallow convection. Given the CloudSat precipitation incidence 

statistics have been validated by two independent datasets in this study, one must 

conclude that above all, the models are likely incorrect in how often they produce 

precipitation. 

Figure 3.11 further illustrates this point by comparing the precipitation incidence 

from June-August 2007 from CloudSat to the ECMWF and HadGAMl model 

precipitation incidence. First of all, it must be immediately noted that each figure is 

plotted on a different color scale in order to call out details. The apparent differences in 

precipitation between the three are truly striking. The HadGAMl model predicts many 

of the same spatial patterns of precipitation incidence, but with twice to three times the 

amplitude. The ECMWF model also retrieves some of the same patterns in the tropics, 

but not in the extratropics, and especially not in the northern hemisphere. Finally, if one 

uses the model data to calculate total precipitation incidence fraction, the ECMWF model 

produces precipitation 7.5% of the time, while the HadGAMl model produces 
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precipitation 24.4% of the time. These values are clearly different from those observed 

by CloudSat, and the explanations for the differences are very obviously different for 

each model. 

There is one final, but important caveat that must be called out in this comparison. 

The grid size of the models in fact play an important role in determining how frequently 

precipitation meets the occurrence threshold. With a larger grid size in observations or 

models, often the average precipitation rate is lower in order to ensure that the total 

precipitation for the model is consistent with the global energy budget. Therefore, a 

model with a larger grid size is likely to have more frequent precipitation in order to 

make sure the total precipitation produced still conforms to the energy budget. An 

example of this effect is provided by the Non-Icosahedral Atmospheric Model (NICAM). 

In global ocean-only precipitation incidence data provided for comparison to the results 

of this study [K. Suzuki, personal communication], the precipitation incidence changed 

from 19.6% to 18.8% when the grid size changed from 14 km to 7 km. In light of this, it 

is probable that some of the differences between the models and the CloudSat 

observations can be attributed to the scale difference between the different platforms. It 

may be possible to mitigate this effect by first averaging the rain rates of the platforms up 

to a common grid size and then determining the precipitation incidence, although this 

certainly would cause a loss of some of the detailed information that the fine grid scale 

provides. In light of this, it is clear that further study is required to understand how 

significantly the differing grid scales affect the results of this comparison. Nevertheless, 

it is expected that any effect due to this grid spacing issue would bias the results in one 
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direction only. Thus, this study continues to illustrate that there are significant 

differences between the models themselves and between the models and satellite 

observations. However, this study shows that these new data from CloudSat can certainly 

begin to unravel some of the issues at play. 

3.4 Concluding remarks 

CloudSat radar observations of the frequency of precipitation incidence over the 

oceans for a period spanning August 2006 - July 2007 compare favorably to concurrent 

ship based and island based station observations and show a number of interesting 

features about the global distribution of the incidence of rain and snow. These results 

provide a new path for understanding how often it rains, and in this study, are used to 

evaluate model predictions of precipitation incidence and the types of clouds that produce 

that precipitation over the global oceans. Specifically, the results of this study reveal a 

number of promising findings: 

(i) The most conservative measures of both the annual mean and the seasonal 

cycle of the zonal-mean frequency of precipitation occurrence from CloudSat fall within 

a range of values from the ICO ADS dataset that are believed to represent precipitation 

events that may be detectable from space (Figure 3.1); 

(ii) CloudSat observations of precipitation are in agreement with ship based 

observations well into the high latitudes, which indicates that it will provide a unique 

satellite-based observation of these precipitation events for the first time (Figure 3.1); 
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Figure 3.11: A comparison of the global maps of precipitation incidence from the three platforms used in 
this study, (a) The precipitation incidence from July-August 2007 as observed by CloudSat (also Figure 
3.3a); (b) The precipitation incidence from July-August 2007 as predicted by the ECMWF IFS; (c) The 
precipitation incidence as averaged over 5 consecutive JJA seasons by the HadGAMl climate model. 
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(iii) A comparison of the number of rainy days as calculated from island station 

data to the number of rainy days as calculated in a 2.5 x 2.5 degree box around the station 

from CloudSat observations show remarkable agreement despite the apparent difficulties 

of comparing point data to an entire grid square average (Figure 3.2); 

(iv) CloudSat observations produce a near-global distribution of precipitation 

incidence (Figure 3.3) as well as an indication of the seasonality of the incidence of 

precipitation (Figure 3.4). The data indicate that precipitation occurs with 11.2% 

frequency in the annual mean, and that much of the precipitation that occurs poleward of 

40 degrees latitude is frozen. 

(v) CloudSat observations reveal the importance of mid-level clouds (between 

4.75 and 11 km cloud top height) in producing precipitation in the tropics by showing 

that they are the lowest cloud 30% of the time it rains. They also reveal the ubiquitous 

nature of high level clouds layered over lower precipitating clouds in the tropics. For 

example, during the period from June-August 2007, there was high cloud present in the 

tropical West Pacific over 82% of the time. But only 37% of the time did CloudSat 

determine that the lowest cloud was also a high cloud, which would be an indication that 

a single deep convective cell was producing the rainfall. Thus, a remarkable 45% of all 

rainy scenes in this region consisted of a lower raining cloud overtopped by a cloud with 

a high cloud top (Figures 3.5, 3.6). 

(vi) Special runs of the ECMWF weather forecast model and the HadGAMl 

climate model were provided with additional information about the vertical profile of 

clouds associated with precipitation. These results were compared with the 
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aforementioned CloudSat observations as a means of evaluating the precipitation 

incidence calculated by these models (Figure 3.6-3.10). The models reproduced the 

heights of the lowest (presumably precipitating) clouds fairly well, particularly over 

extratropical regions, but serious shortcomings were identified as well. The three most 

important of these are that the models produce with much different frequency that that 

observed by CloudSat, the ECMWF model in particular fails to produce shallow 

precipitation in the central Pacific ocean, and both models fail to reproduce the 

distribution of high cloud over lower precipitating cloud. However, the different grid 

sizes used for each of these models and the observations may have influenced the results 

somewhat. Still, the implications of these results are far reaching. In addition to the 

obvious importance for the prediction of precipitation, the vertical structure of clouds in 

precipitating scenes impacts the radiative cooling of the atmosphere. As was 

demonstrated in the previous chapter, the radiative cooling of the atmospheric column is 

the important determinant for predicting the increase of global-mean precipitation caused 

by human-induced climate change. Therefore, it is particularly important, especially in 

the case of the HadGAMl climate model, that the processes that govern the distribution 

of these layered cloud systems be further studied and adjusted as necessary. 
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Chapter 4: Conclusions and Future Work 
4.1 Summary of Conclusions 

The overarching theme of this research is the study of precipitation. Climate 

models generally predict increases in precipitation of 2-3% K"1 of surface warming, but 

this increase is less than the predicted 7% K"1 increase of atmospheric water vapor 

because of the balance required between of latent heating from precipitation and the 

clear-sky atmospheric column energy loss from increasing tropospheric water vapor due 

to warming. However, there are important effects that appear in the climate models due 

to small changes in relative humidity that are related to subtle changes in circulation or 

upper tropospheric absolute humidity. Clouds in these models are shown to have both 

positive and negative impacts on the amount of increased water vapor that can be 

converted into precipitation, which underscores the importance of proper cloud modeling 

in these climate change models. 

That these theoretical and model results seemingly contradict some recent 

observational studies suggesting a much greater increase in precipitation rate implies 

issues with the satellite-based observations, not the climate predictions governed by 

radiative controls. To that end, this study also presents and validates precipitation 

incidence over the global oceans from the new precipitation dataset [Haynes et al., 2008] 

derived from the CloudSat Cloud Profiling Radar. These new data show that it 



precipitates approximately 11 % of the time in the annual mean over the oceans, and 

prove extremely effective at identifying both rain and snow into the high latitudes. 

Comparisons of these data with specially provided runs state-of-the-art climate 

(HadGAMl) and weather forecast (ECMWF) models provide a unique opportunity to 

show that both models do not accurately predict the occurrence of rainfall and do not 

reproduce the layered structures of raining shallow and mid-level clouds under high 

clouds that are prevalent over the tropical oceans. 

Above all, this study underscores some parts of the extremely complex 

relationship between clouds and precipitation that are not yet well understood. Clouds 

have an obvious role in the production of precipitation, and yet the processes that lead to 

precipitation formation are different everywhere. The results of this study show clearly 

that the formation of precipitation is not well handled by models, and this must be 

rectified if there is hope of studying absolute quantitative predictions of precipitation 

changes due to climate change. Furthermore, clouds have a vital role in governing the 

energy balance of the planet, which in turn regulate changes in precipitation beyond 

simply being the birthplace of rain and snow. Measuring the radiative properties of 

clouds and their relationship with precipitation is an important part of the CloudSat 

mission. Incorporating these results into the next generation of weather and climate 

prediction will be an extremely important step toward achieving a better understanding of 

how precipitation will change in the future. 
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4.2 Questions for Future Study 

Throughout the process of conducting this research, the results have raised 

additional questions that, while beyond the scope of this project, are certainly worthy of 

further analysis. The following is a brief list of some of the more interesting research 

questions that follow on the results of this study: 

• What are the characteristics of precipitation intensity as observed by 

CloudSat? 

The other half of understanding the nature of precipitation in the current climate is 

understanding the distribution of rainfall intensity as observed by the new CloudSat 

precipitation algorithm. This is a much more complicated problem than detection of 

precipitation, as the measurement of intensity requires accounting for the effects of 

multiple phases of precipitation, multiple scattering from raindrops and snowflakes, and 

the effects of precipitation intensity of attenuation themselves [Haynes et al., 2008]. 

Furthermore, at this time, it is not yet possible to determine the precipitation rate when 

CloudSat detects an all snow scene, making measurements of precipitation rates in the 

high latitudes difficult as well. 

Validation will again be an important issue to resolve for these data. Petty [1995] 

and Dai [2001a] provide classifications of ICOADS weather codes that correspond to 

qualitative intensities of precipitation, but they are not quantitative, meaning that one 

observer's moderate rain might be another's drizzle. GSOD data provide daily 

accumulated precipitation which would likely be useful for performing seasonal and 

annual comparisons, but another independent surface-based data source is probably 
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needed. Higher temporal frequency data would be ideal in order to validate short-

duration rainfall retrievals, but these data are often not as throughly quality controlled and 

are rarely available from surface-based data. And yet, validation of both short-term 

intensity and longer-duration accumulations is important. Therefore, identifying 

appropriate datasets for this validation remains the key issue. 

• How do state-of-the-art weather and climate models reproduce the observed 

intensity of precipitation in the current climate? 

Once the precipitation intensity product can be adequately identified, it can be 

used much as it was in this study to evaluate the relative frequency of clouds that produce 

various intensities of precipitation. Both the HadGAMl climate model data and ECMWF 

weather model data used in Chapter 3 also provided precipitation intensity data broken 

down by cloud top heights of the lowest (presumably precipitating) clouds and the 

highest clouds in the grid box (the traditional cloud top height). These data coupled with 

the CloudSat intensity data will perhaps open the door to understanding why these 

models produce rain so often by identifying the rain processes at play. Specifically, it is 

especially important to understand how much precipitation is being produced shallow 

clouds, congestus convection, and deep convection. Each of these types of precipitation 

has a different latent heating profile, and therefore a different impact on both the general 

circulation of the atmosphere and the radiative budget of the atmosphere. If, for example, 

a model were producing half as much precipitation from the deep convective mode in the 

tropics as is observed in the environment, this reduced source of latent heating would 

have a drastic effect on the energy transport associated with the Walker-Hadley 
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circulation, including both momentum and moisture transport. This could, perhaps, be an 

explanation for the reduced presence of layered cirrus clouds over raining scenes in the 

models exhibited in this study. Comparing the intensity of models to observations may 

help to shed more light on results like those from the present study. 

• How do changes in the general circulation of the atmosphere relate to the 

regional distribution of changes to precipitation ? 

Finally, while it is vital to understand the overarching control of global-mean 

changes in precipitation, it is equally important to explore how precipitation changes vary 

regionally and the possible mechanisms behind those changes. Regional changes in 

precipitation arguably have a more substantial human impact, since these changes 

highlight geographical areas that would be predicted to see the effects of changes in 

storm intensity or frequency of precipitation (which in the extreme might be tied to 

predictions of flooding and/or drought). Moreover, the nature of the predicted regional 

changes provide the details that elucidate mechanisms through which global-mean 

changes in frequency and intensity of precipitation occur, including changes in the 

dynamical and thermodynamical structure of the troposphere. Therefore, in order to gain 

a more complete understanding of predicted changes in the global-mean climate, the 

regional manifestations of these changes must also be studied. 

Previous studies on regional changes in precipitation give some indications of 

how they might be occurring in general circulation models of climate change. Model 

predictions of precipitation indicate both an increase in tropical precipitation and in the 

zonal bands associated with mid-latitude baroclinic storms [e.g. Vecchi and Soden, 2007; 
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Dai 2006; Sun et al., 2007]. The changes in tropical precipitation have been ascribed to 

be related to changes in the tropical Walker circulation and associated vertical 

atmospheric motions [Vecchi and Soden, 2007; Held and Soden, 2006]. Changes in 

precipitation in the extra-tropics might be expected to be related to changes in the 

meridional temperature gradient, which is generally predicted to decrease due to 

accelerated warming in the polar regions [Trenberth et al., 2007b]. Yet, it is apparent 

from the aforementioned studies that both total precipitation and convective precipitation 

is increasing in the mid-latitudes. A different approach appears to be necessary to 

understand why this apparent discrepancy exists. 

The study of the energetics of general circulation of the atmosphere conducted by 

Lorenz [1955] provides a useful method for gaining additional insights as to how the 

atmospheric circulation may be changing in climate change scenarios. In this study, 

Lorenz partitions the total available energy of the atmosphere into four distinct parts: 

zonal kinetic energy (KZ), zonal available potential energy (AZ), eddy kinetic energy 

(KE), and eddy available potential energy (AE). These partitions represent the motions 

of the atmosphere and the amount of total (gravitational plus internal) potential energy 

available for those motions. The generation, conversion, and dissipation of energy from 

these reservoirs represent processes, including baroclinic midlatitude eddies and changes 

in the Walker circulation, that describe the basic energy cycle of the atmosphere. The 

changes in the atmospheric radiative budget that lead to global warming must be related 

to changes in these energy reservoirs and the processes that describe their sources and 
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sinks. Therefore, the nature of changes in these energetics should illuminate the pattern 

of regional changes in precipitation intensity and frequency. 

The extratropical patterns of precipitation changes can also be elucidated by 

examining changes in the tracks of midlatitude baroclinic cyclones. Recent observational 

studies surveyed by Trenberth et al. [2007b] indicate that storm tracks have changed over 

the past few decades [see McCabe et al., 2001 and Wang et al, 2006 among others]. 

Changes in the storm tracks, defined by Trenberth [1991] as regions of maximum 

variance in middle and upper tropospheric geopotential heights, would necessarily tie in 

with the Lorenz energy cycles as described above. However, a systematic study of storm 

tracks in the general circulation models, along the vein of observational study of 

Trenberth [1991] that applied a 2- to 8-day bandpass filter to data to isolate these 

phenomena, would provide additional corroborating information about the structure of 

these storms and their relation to the changes in the atmospheric energy cycle. 
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