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Abstract 
 

An Analysis of the Moisture 

and Moist Static Energy Budgets 

in AMIP S 

by 

Kristine Adelaide Boykin 

Major Advisor: P. K. Ray, Ph.D. 

An analysis of the second phase of the Atmospheric Model Intercomparison 

Project (AMIP) simulations has been conducted to understand the physical processes that 

control precipitation in the tropics. This is achieved primarily through the analysis of the 

moisture and moist static energy budgets.  Overall, there is broad agreement between the 

simulated and observed precipitation, although specific tropical regions such as the 

Maritime Continent poses challenges to these simulations.  The models in general capture 

the latitudinal distribution of precipitation and key precipitating regions including the Inter-

Tropical Convergence Zone (ITCZ) and the Asian Monsoon.  The simulations portrayed 

the global patterns of evaporation and precipitation relatively accurately, confirming that 

the ocean was the primary source of evaporation. 

The ensemble of simulations proved to be the most reliable simulation of the 

moisture budget globally, within the tropics, and the Maritime Continent.  A strong 

relationship between precipitation and vertical advection, or horizontal convergence, is 

seen among the observations and simulations.  Some simulations were more successful 

than others in reproducing the largest amount of rainfall over the islands in the Maritime 



iv 

 

Continent.  The moist static energy budget proved difficult to simulate without large 

residual values, both in the tropics and the Maritime Continent.  The total radiation and 

surface heat flux displayed lesser values of outgoing radiation and incoming surface heat, 

respectively, across major precipitation and convergence regions such as the ITCZ and the 

Indian Monsoon.  The residual values were often smaller over areas of larger precipitation, 

such as the ITCZ, but spiked in value elsewhere.  This resulted in a larger overall residual 

value for the tropical region, but a slightly smaller residual over the Maritime Continent as 

larger residual spikes fell further afield.  However, considering the overall size of the 

residual values, the observations and simulations are not successful at demonstrating the 

moist static energy budget. 
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Chapter 1 

Introduction 

 

Precipitation is an important part of our daily lives.  Not only does precipitation 

affect various industries, from agriculture to shipping, but it also affects our local weather 

and climate, and by extension, the global weather and climate.  As a result, understanding 

and forecasting of precipitation is vital.  Figure 1.1 shows the climatological mean of 

precipitation from the CPC Merged Analysis of Precipitation (CMAP) observations. Major 

regions of high precipitation fall within the tropics (30°S-30°N), such as the Indian 

Monsoon region, the Inter-Tropical Convergence Zone (ITCZ), and the Maritime 

Continent.  Hence, this is why it is the primary area of focus for this study. 

To fully understand the processes that control precipitation, the moisture budget and the 

moist static energy (MSE) budget must be considered.  The moisture budget, which 

includes evaporation, horizontal moisture advection, moisture convergence and 

precipitation, is based upon the transport of moisture within the atmosphere (Hsu, 2012; 

Jin, Kitoh, and Alpert, 2011; Kiranmayi and Maloney, 2011).  It combines the source and 

sink of moisture, evaporation and precipitation respectively, which is a basic conservation 

of mass law (Lau et al., 1996), with the transport of moisture due to winds.  Wind speed 

has been shown to correlate with precipitation (Back and Bretherton, 2005). 
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However, the transport of moisture is only the beginning of the picture.  The 

ambient properties of the atmosphere must also be considered, and to do this the MSE 

budget (Maloney, 2009; Kiranmayi and Maloney, 2011) will also be analyzed.  The MSE 

budget looks at how this likelihood changes over time, including the vertical and horizontal 

transport in the atmosphere, sensible and latent heat flux, and longwave and shortwave 

radiation.  The MSE is tied closely to the likelihood of precipitation.  Maloney (2009) 

noted how there is a build-up of the MSE before a precipitation peak and there is a 

discharge of the MSE during and after precipitation events, when there are easterly and 

westerly anomalies, respectively.  There was also evidence that anomalies within the MSE  

Fig. 1.1.  Climatological mean precipitation from CMAP (mm day-1).  
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itself were primarily regulated by anomalies found in the specific humidity, which is a key 

component to the moisture budget.  Back and Bretherton (2005) also discussed use of the 

MSE budget to determine when and where convection occurs, as well as if the horizontal 

or vertical transport is more important for the movement of the MSE. 

 

 

1.1 Overview of AMIP and its Objectives 

 

The AMIP (Atmospheric Model Intercomparison Project) phase-2 simulations are 

chosen for this analysis.  AMIP is a part of CMIP, the Coupled Model Intercomparison 

Project, which has been a major factor in improving models by allowing model output to 

be open for scientists outside of the respective modeling groups to analyze.  In an effort to 

keep documentation on the AMIP experiment readily accessible, the Program for Climate 

Model Diagnosis and Intercomparison (PCMDI) hosts information on its website for 

researchers to access.  This has been implemented since the first AMIP phase (Phillips, 

1996).  Figure 1.2 describes the experimental layout of the CMIP project plan.  The AMIP 

models are in the upper half of the diagram (Fig. 1.2, left), indicating they are meant to be 

used in comparisons with observational data or as projective models.  They are also part of 

the pink section, which represents core experiments that are critical for evaluating the 

models.  The second diagram (Fig. 1.2, right) shows the AMIP series in the tier 1 position, 

indicating that in the decadal simulations they are also used for near-term experiments.  

One example is the introduction or removal of volcanic eruptions and how they affect the 

climate (Taylor et al., 2012).  The purpose for AMIP is to evaluate model performance in 
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an uncoupled mode, to determine if errors in the coupled model (CMIP) are also apparent 

in the atmospheric model (AMIP) when sea surface temperature (SST) and sea-ice 

concentration are prescribed, and as a baseline for the SST perturbation experiments 

(Taylor et al., 2009). 

The participating modeling groups in the AMIP project represent virtually every 

atmospheric and/or climate modeling center in the world (Gates et al., 1998).  The original 

AMIP runs have already undergone a series of review, and it was determined that the 

method used to interpolate the SST leads to non-negligible damping of seasonal and 

interannual values.  This has since been corrected in the AMIP II runs, and now not only 

are the monthly means in perfect agreement with the prescribed boundary conditions, but 

Figure 1.2.  (Left) Schematic summary of CMIP5 long-term experiments with tier 1 and tier 2 

experiments organized around a central core.  Green font indicates simulations to be performed 

only by models with carbon cycle representations.  Experiments in the upper hemisphere are 

suitable either for comparison with observations or provide projections, whereas those in the 

lower hemisphere are either idealized or diagnostic in nature and aim to provide better 

understanding of the climate system and model behaviour.  (Right) Schematic summary of 

CMIP5 decadal prediction integrations (Taylor et al., 2012). 
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daily data are more accurate as well (Taylor et al., 2000).  The typical time span of AMIP 

runs begin at 1979 and can run all the way up to present day.  This is because observational 

global data was more available from 1979 onward, and the longest possible time period of 

reliable data was sought for comparison (Gates, 1992). 

 

1.2 Previous Studies 

 

Some of the previous work done with AMIP and CMIP concerning precipitation 

has focused on specific regions.  Examples of this work include an examination of ten 

phase-2 models over northern Australia in the summer (Ackerley et al., 2014), a global and 

seven basins specific study of 20 phase-2 models concerning the land surface water budget 

(Irannejad and Sellers, 2007), two 50-year, phase-2 simulations over North America 

(Nigam & Ruiz-Barradas, 2005), two phase-2 simulations of summer precipitation over the 

US and Mexico (Mo et al., 2006), 26 phase-2 simulations over the Yangtze River Valley 

(Wang, Liang, & Samel, 2011), and a comparison of CMIP3 versus CMIP5 over East Asia 

(Kusunoki & Arakawa, 2015).  Others have focused on specific patterns, such as the 

analysis of 30 AMIP phase-1 simulations in the African, Indian, and Australian-Indonesian 

monsoon regions (Gadgil & Sajani, 1998), and a comparison of CMIP5 versus AMIP 

phase-2 in simulations of the East Asian summer monsoon (Feng et al., 2014).  Less 

regional or pattern specific studies have included a general analysis of precipitation done 

with 6 phase-1 models (Wang & Zwiers, 1999), a 16 phase-2 model analysis of extremes 

(Zwiers & Zhang, 2005), and a study done on the hydrologic process of precipitation – 

evaporation in 29 phase-1 models (Lau et al., 1996). However, no studies have taken a 
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systematic approach of understanding the different physical processes that control the 

mean and spatio-temporal variability of the tropical precipitation in the AMIP simulations. 

 

1.3 Objectives 

 

This work aims to analyze precipitation and the processes that control precipitation 

in 26 AMIP II models with the following: (1) a global precipitation analysis, (2) an 

analysis of the moisture budget in the tropics, (3) an analysis of the MSE budget in the 

tropics, and (4) a closer inspection of the Maritime Continent, with both the moisture and 

MSE budgets.  

 

1.3.1 Organization of the thesis 

 

Chapter 2 will briefly discuss the models and the data used, as well as the 

methodology employed in analyzing the budgets.  In Chapter 3, the moisture budget is 

examined, with an initial focus on global precipitation and evaporation.  The chapter will 

then focus on the budget within the tropical region and include an analysis of the mean and 

the annual cycle.  The moist static energy budget in the tropics is examined in Chapter 4.  

Similar to chapter 3, first a time mean of the budget terms will be analyzed, then an annual 

cycle.  Chapter 5 narrows the region of examination of the moisture and moist static energy 

budgets to the complex region of the Maritime Continent. The results in this thesis are 

expected to help planning for the two field experiments in this region in the coming years.   

Finally, a closing conclusion and summary can be found in Chapter 6. 
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Chapter 2 

Models, Data, and Method 

 

2.1 Models 

 

The AMIP II models are atmospheric models, uncoupled from ocean models.  The 

only data they use that requires input from the ocean is the SST and the sea-ice 

concentration.  In this study, 26 AMIP II models (Table 2.1) are used for the analysis.  The 

model output was a result of worldwide collaboration. The model simulations were 

produced in Australia (2), Canada (1), China (4), France (4), Germany (2), Italy (1), Japan 

(4), Norway (1), Russia (1), the United Kingdom (1), and the United States (5).  For this 

study, data is analysed between 1979 and 2008, with the exception of one model, CESM1-

CAM5, where only data to 2005 was available.  The EC-EARTH model was not included 

in this analysis due to missing data required for some of the calculations. 

In Table 2.2, the models and their respective horizontal and vertical resolutions are 

displayed.  Typically, the letters LR and MR at the end of certain model names (e.g., MPI-

ESM-LR, or IPSL-CM5A-MR as examples) stand for low and medium resolution, 

respectively.  This can refer to the horizontal or the vertical resolution.  The horizontal 

resolution in the models range from as fine as 0.2º x 0.2º (longitude by latitude, e.g., MRI- 
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Table 2.1.  A list of the models used for the study, their respective institute IDs and institutes. 

Model Institute ID* Institute 
ACCESS1-0 CSIRO-BOM CSIRO (Commonwealth Scientific and Industrial Research Organization, 

Australia), and BOM (Bureau of Meteorology, Australia) 

bcc-csm1-1 BCC Beijing Climate Center (BCC), China Meteorological Administration, 

China 

bcc-csm1-1-m BCC Beijing Climate Center (BCC), China Meteorological Administration, 

China 

BNU-ESM BNU GCESS, BNU, Beijing, China 

CanAM4 CCCma CCCma (Canadian Centre for Climate Modeling and Analysis, Victoria, 

BC, Canada) 

CCSM4 NCAR NCAR (National Center for Atmospheric Research) Boulder, CO, USA 

CESM1-CAM5 NSF-DOE-NCAR NSF/DOE NCAR(National Center for Atmospheric Research) Boulder, 

CO, USA 

CMCC-CM CMCC CMCC – Centro Euro-Mediterraneo per i Cambianenti 

CNRM-CM5 CNRM-CERFACS CNRM (Centre Europeen de Recherches et de Formation Avancee en 

Calcul Scientifique, Toulouse, France) 

CSIRO-Mk3-6-0 CSIRO-QCCCE Australian Commonwealth Scientific and Industrial Research 

Organization (CSIRO) Marine and Atmospheric Research (Melbourne, 

Australia) in collaboration with the Queensland Climate Change Centre 

of Excellence (QCCCE) (Brisbane, Australia) 

FGOALS-s2 LASG-IAP LASG, IAP, CAS, Beijing, China 

GFDL-HIRAM-C180 NOAA GFDL NOAA GFDL (201 Forrestal Rd, Princeton, NJ, 08540) 

GFDL-HIRAM-C360 NOAA GFDL NOAA GFDL (201 Forrestal Rd, Princeton, NJ, 08540) 

GISS-E2-R NASS-GISS NASA/GISS (Goddard Institute for Space Studies) New York, NY 

HadGEM2-A MOHC Met Office Hadley Centre, Fitzroy Road, Exeter, Devon, EX1 3PB, UK, 

(http://www.metoffice.gov.uk) 

inmcm4 INM INM (Institute for Numerical Mathematics, Moscow, Russia) 

IPSL-CM5A-LR IPSL IPSL (Institut Pierre Simon Laplace, Paris, France) 

IPSL-CM5A-MR IPSL IPSL (Institut Pierre Simon Laplace, Paris, France) 

IPSL-CM5B-LR IPSL IPSL (Institut Pierre Simon Laplace, Paris, France) 

MIROC5 MIROC AORI (Atmosphere and Ocean Research Institute, The University of 

Tokyo, Chiba, Japan), NIES (National Institute for Environmental 

Studies, Ibaraki, Japan), JAMSTEC (Japan Agency for Marine-Earth 

Science and Technology, Kanagawa, Japan) 

MPI-ESM-LR MPI-M Max Planck Institute for Meteorology 

MPI-ESM-MR MPI-M Max Planck Institute for Meteorology 

MRI-AGCM3-2H MRI MRI (Meteorological Research Institute, Tsukuba, Japan) 

MRI-AGCM3-2S MRI MRI (Meteorological Research Institute, Tsukuba, Japan) 

MRI-CGCM3 MRI MRI (Meteorological Research Institute, Tsukuba, Japan) 

NorESM1-M NCC Norwegian Climate Centre 
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 Table 2.2.  A list of the models used for the study, and their respective horizontal and vertical 

resolutions.  LR stands for low resolution (either in the horizontal, or vertical), and MR stands for 

medium resolution. 

Model Longitude 

x Latitude 

Pressure 

Levels 

Model Longitude 

x Latitude 

Pressure 

Levels 
ACCESS1-0 1.9 x 1.2 38 GISS-E2-R 2.5 x 2.0 40 

bcc-csm1-1 2.8 x 2.8 26 HadGEM2-A 1.9 x 1.2 60 

bcc-csm1-1-m 1.1 x 1.1 26 inmcm4 2.0 x 1.5 21 

BNU-ESM 2.8 x 2.8 26 IPSL-CM5A-

LR 

3.8 x 1.9 39 

CanAM4 2.8 x 2.8 22 IPSL-CM5A-

MR 

2.5 x 1.3 39 

CCSM4 1.3 x 0.9 26 IPSL-CM5B-

LR 

3.8 x 1.9 39 

CESM1-

CAM5 

1.3 x 0.9 27 MIROC5 1.4 x 1.4 40 

CMCC-CM 0.8 x 0.8 31 MPI-ESM-LR 1.9 x 1.9 47 

CNRM-CM5 1.4 x 1.4 31 MPI-ESM-MR 1.9 x 1.9 95 

CSIRO-Mk3-

6-0 

1.9 x 1.9 18 MRI-AGCM3-

2H 

0.6 x 0.6 22 

FGOALS-s2 2.8 x 1.7 26 MRI-AGCM3-

2S 

0.2 x 0.2 22 

GFDL-

HIRAM-C180 

0.6 x 0.5 32 MRI-CGCM3 1.1 x 1.1 48 

GFDL-

HIRAM-C360 

0.3 x 0.3 32 NorESM1-M 2.5 x 1.9 26 

 

 

AGCM3-2S) to as great as 3.8º x 1.9º (e.g., IPSL-CM5A-LR and IPSL-CM5B-LR).  Five 

models have both longitude and latitude resolutions under 1º each, eleven models have at 

least one direction at or greater than 1º but less than 2º in each direction, and ten models 

have at least one direction greater than 2º.  The vertical resolution represents the number of 

pressure levels the models were initially run at before they were converted to AMIP 

pressure level standards.  They run from 18 (e.g., CSIRO-Mk3-6-0) to 95 (e.g., MPI-ESM-

MR).  The most common vertical resolution is 26 levels, which is mainly due to the four 

Chinese models (e.g., bcc-csm1-1, bcc-csm1-1-m, BNU-ESM, FGOALS-s2).  One US 

model (e.g., CCSM4) and the Norwegian model (e.g., NorESM1-M) also use 26 pressure 
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levels.  For this study, all the models are regridded to 2.5° x. 2.5° in order to be compared 

with the primary precipitation data source, CMAP. 

 

2.2 Data 

 

For the moisture and MSE budgets, different sources will be tapped for 

observational data since no single source provides all the variables that are needed.  For 

observed precipitation, CMAP (CPC Merged Analysis of Precipitation) is used.  CMAP 

combines several different data sets, including rain gauge data, satellite data, and model 

forecasts, into one comprehensive source.  This was possible due to the similarity of 

several large scale data sets, and necessary to overcome major deficiencies within each 

individual data set (Xie and Arkin, 1995).  Rain gauge data was insufficient to fill the 

entire data set as at least 5 gauges were required in a 2.5º x 2.5º area to fulfil the accuracy 

requirement.  Microwave and IR-based estimates do not cover the globe and although 

general satellite data agreed well spatially, it often disagreed in the amount of rainfall.  Xie 

and Arkin found significant random error and non-negligible bias within the data sets.  

They developed an algorithm (Xie and Arkin, 1996) to combine the data sets into one 

source, taking into account each data set’s unique pattern of error and bias.  The resulting 

data set is made from seven kinds of data sources, including precipitation distributions 

from the NCEP-NCAR Reanalysis, has a spatial grid of 2.5° x. 2.5°, and provides global 

monthly means from 1979-1995 (Xie and Arkin, 1997) with current data continuing to be 

added up to the present. 
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NCEP-DOE Reanalysis 2 (the National Centers for Environmental Prediction, 

Department of Energy) is being used for evaporation, wind, humidity, temperature, 

radiation, and heat flux data.  Similar to CMAP, this data set is a merge of several sources; 

a blend of observations taken from rawinsonde data, polar and geostationary satellites, 

aircraft observations, surface land and ocean data, and model forecasts (Kistler et al, 2001; 

Kanamitsu et al, 2002).  The original horizontal resolution of the data is T62, which is 

approximately 1.9º longitude by 1.9º latitude.  In the vertical, it has 28 pressure levels, and 

the temporal resolution is 6 hours.  Reanalysis 2 (R2) has significant improvements from 

Reanalysis 1 (R1), which was plagued by several human processing errors.  These 

improvements include some new system components, work done to the physics of the 

models, the fields of gridded data in the models, and some diagnostic improvements. 

However, the R2 data still has its respective shortcomings.  There are four 

programming errors that have been uncovered, two of which directly affect this work more 

so than the others.  The first error is spatial, where the latitudinal orientation was reversed 

for zonally averaged seasonal climatological ozone.  Ultimately, this error impacts the 

radiation data, which is directly worked with in this analysis through the MSE budget.  

However, the studies that had been done by 2002 that had used this data reported only a 

minor impact, and the most significant area of impact was within the radiation fluxes in the 

stratosphere.  The second error was with the surface layer physics and concerns the 

formation of a counter gradient flux in areas it was not intended.  This can potentially 

affect this analysis due to the likelihood of the flux affecting the planetary boundary layer, 

atmospheric mixing, and heat flux.  The other two errors dealt with soil moisture and 

runoff, which appeared to have minor effects overall, and do not directly impact this study.  

Other possible shortcomings of the R2 data, when compared to R1 and the Earth Radiation 
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Budget Experiment, include an overestimation of longwave radiation in the tropics, which 

is slightly offset by an improvement in shortwave radiation.  There is also an issue with the 

relative humidity at 300 hPa over the tropical region, where it can range from 10% to 45% 

lower than that of R1.  However, this does not appear to affect the precipitable water in the 

region, as the R1 and R2 values are about the same, so there must be a balance of water 

vapor in the lower atmosphere (Kanamitsu et al., 2002). 

 

2.3 Method 

 

To understand the physical processes that control precipitation, the moisture 

budget is estimated by the following: 

𝜕𝑞

𝜕𝑡
+ 𝑽 ∙ 𝛻𝑞 + 𝜔

𝜕𝑞

𝜕𝑝
= 𝐸 − 𝑃    (1) 

where q is the specific humidity, t is the time, V is the horizontal wind vector, ω is the 

vertical pressure velocity, p is the pressure, E is evaporation, and P is precipitation.  The 

term ∂q/∂t represents the specific humidity tendency.  The term V·∇q is the horizontal 

advection term.  The vertical advection, ω ∂q/∂p, is equivalent to the horizontal 

convergence q∇·V when it is vertically integrated (see derivation below).  The brackets < > 

indicate a vertical integration over pressure levels from the surface to 100 hPa. 

𝜕

𝜕𝑝
(𝜔𝑞) = 𝜔

𝜕𝑞

𝜕𝑝
+ 𝑞

𝜕𝜔

𝜕𝑝
 

0 = 〈𝜔
𝜕𝑞

𝜕𝑝
〉 + 〈𝑞

𝜕𝜔

𝜕𝑝
〉 

〈𝜔
𝜕𝑞

𝜕𝑝
〉 = − 〈𝑞

𝜕𝜔

𝜕𝑝
〉 
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𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝜔

𝜕𝑝
= 0 

𝜕𝜔

𝜕𝑝
= − (

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
) = −∇ ∙ 𝑽 

〈𝜔
𝜕𝑞

𝜕𝑝
〉 = 〈𝑞∇ ∙ 𝑽〉 

Applying the vertical integration to the entirety of the moisture budget, and then 

taking a time mean, yields the following equation: 

�̅� − �̅� =  〈𝑽 ∙ ∇𝑞〉̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 〈𝑞∇ ∙ 𝑽〉̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑅   (2) 

This is the mean moisture budget where ∇ is the horizontal gradient, the bar indicates the 

time mean of the variable, and R is the residual term.  The specific humidity tendency 

vanishes when a time mean is taken.  The residual is needed to balance the budget.  The 

LHS (left hand side) of equation 2 represents the source and sink of atmospheric moisture, 

and the RHS (right hand side) represents the transport of water vapor within the 

atmosphere, which is moisture advection and convergence respectively, and is expanded in 

equation 3, 

〈�̅� ∙ ∇�̅�〉 + 〈�̅�∇ ∙ �̅�〉 = 〈�̅�
𝑑�̅�

𝑑𝑥
+ �̅�

𝑑�̅�

𝑑𝑦
〉 + 〈�̅�

𝑑�̅�

𝑑𝑥
+ �̅�

𝑑�̅�

𝑑𝑦
〉  (3) 

where u is the zonal wind and v is the meridional wind. 

The Moist Static Energy and its budget (e.g., Kiranmayi and Maloney, 2011; 

Maloney, 2009) are also used to examine the moisture transport responsible for 

precipitation.  The MSE is given in the following equation: 

ℎ = 𝐶𝑃𝑇 + 𝑔𝑧 + 𝐿𝑞     (4) 

where h is the moist static energy, Cp is the specific heat capacity of dry air (1004.67 J kg-1 

K-1), T is the temperature in °K, g is gravitational acceleration (9.8 m s-2), z is 
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geopotential height, and L is the latent heat of vaporization (2.501x106 J kg-1).  The MSE 

budget is also vertically integrated and is the following: 

〈
𝜕ℎ

𝜕𝑡
〉 = −〈𝑽 ∙ 𝛻ℎ〉 − 〈𝜔

𝜕ℎ

𝜕𝑝
〉 + 𝐿𝐻 + 𝑆𝐻 + 〈𝐿𝑊〉 + 〈𝑆𝑊〉 + 𝑅  (5) 

where <∂h/∂t> is the MSE tendency, <V·∇h> is the horizontal advection, and <ω ∂h/∂p> 

is vertical advection.  The remaining terms in equation 5 are the heating and radiation 

terms, with LH as the surface latent heat flux, SH as the surface sensible heat flux, <LW> 

as the longwave heating rate, and <SW> as the shortwave heating rate.  Similar to the 

moisture budget equation, the MSE budget has a residual term R. 



15 

Chapter 3 

Moisture Budget 

 

This chapter focuses first on the global pattern of precipitation between the 

observations and the simulations.  The latitudinal distribution and the annual cycle is 

considered, before looking at the statistics of global precipitation.  A further general 

analysis is extended to the difference between the major sink and source of the moisture 

budget (precipitation and evaporation, respectively).  Moving to the tropical region, 30°S 

to 30°N, the mean moisture budget is broken down into five terms (precipitation, 

evaporation, advection, convergence, and the resulting residual) and examined.  The 

tropical annual cycle and perturbations are also analysed, with the addition of the moisture 

tendency term. 

 

3.1 Global Precipitation 

 

When analyzing precipitation climatology in the AMIP simulations, both the ITCZ 

and Indian monsoon regions are readily apparent (Fig. 3.1).  The ITCZ appears as a zonally 

elongated heavy precipitating region commonly found north of the equator, and the Indian 

monsoon region is an area of heavy precipitation centered over the Indian Ocean,  
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represented clearly within the observations (Fig. 3.1a).  The simulation ensemble (Fig. 

3.1b) appears to closely match the observations, with somewhat reduced precipitation over 

the Indian Ocean.  Several simulations show areas of heavy localized precipitation over 

land where Panama meets South America (e.g., bcc-csm1-1 (Fig. 3.1d), bcc-csm1-1-m 

(Fig. 3.1e), BNU-ESM (Fig. 3.1f), CanAM4 (Fig. 3.1g), CCSM4 (Fig.3.1h), CESM1-

CAM5 (Fig. 3.1i), CSIRO-Mk3-6-0 (Fig. 3.1l), FGOALS-s2 (Fig. 3.1m), GFDL-HIRAM-

C180 (Fig. 3.1n), GFDL-HIRAM-C360 (Fig. 3.1o), IPSL-CM5A-LR (Fig. 3.1s), IPSL-

CM5A-MR (Fig. 3.1t), IPSL-CM5B-LR (Fig. 3.1u), MIROC5 (Fig. 3.1v), MRI-AGCM3-

2H (Fig. 3.1y), MRI-AGCM3-2S (Fig. 3.1z), MRI-CGCM3 (Fig. 3.1A), NorESM1-M 

(Fig. 3.1B)), which accounts for the smaller spike of precipitation found in the ensemble.  

Several simulations also show significant spikes of heavy localized precipitation in or near 

the Maritime Continent (e.g., bcc-csm1-1-m (Fig. 3.1e), BNU-ESM (Fig. 3.1f), CMCC-

CM (Fig. 3.1j), CSIRO-Mk3-6-0 (Fig. 3.1l), GFDL-HIRAM-C180 (Fig. 3.1n), GFDL-

HIRAM-C360 (Fig. 3.1o), inmcm4 (Fig. 3.1r), IPSL-CM5A-MR (Fig. 3.1t), IPSL-CM5B-

LR (Fig. 3.1u), MPI-ESM-LR (Fig. 3.1w), MRI-AGCM3-2H (Fig. 3.1y), MRI-CGCM3 

(Fig. 3.1A)).  Although these spikes are greater than the observed precipitation, some 

simulations tend to have a weaker precipitation, particularly over the Indian Ocean (e.g., 

ensemble (Fig. 3.1b), bcc-csm1-1-m (Fig. 3.1e), BNU-ESM (Fig. 3.1f), CanAM4 (Fig. 

3.1g), CCSM4 (Fig. 3.1h), CESM1-CAM5 (Fig. 3.1i), FGOALS-s2 (Fig. 3.1m), MIROC5 

(Fig. 3.1v)). 
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Figure 3.1. Mean precipitation from observations, simulation ensemble, and the AMIP 

simulations. 
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Figure 3.1 (contd.). Mean precipitation from observations, simulation ensemble, and the AMIP 

simulations. 
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Figure 3.1 (contd.). Mean precipitation from observations, simulation ensemble, and the AMIP 

simulations. 
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Figure 3.1 (contd.). Mean precipitation from observations, simulation ensemble, and the AMIP 

simulations. 
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3.1.1 Precipitation Difference 

 

Figure 3.2 represents the differences in precipitation for simulations and 

observations.  The simulation ensemble (Fig. 3.2a) can be seen to estimate precipitation 

relatively accurately, although it can be noted that it underestimates the Indian Monsoon 

region and overestimates areas in the Maritime Continent, the island region including 

Indonesia, between South East Asia and Australia, and along the Western coast of South 

America.  Some simulations overestimate the precipitation of the ITCZ over the Pacific  

Figure 3.1 (contd.). Mean precipitation from observations, simulation ensemble, and the AMIP 

simulations. 
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Figure 3.2.  Difference of mean precipitation between the simulation and observations. 
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Figure 3.2 (contd.).  Difference of mean precipitation between the simulation and observations. 
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Figure 3.2 (contd.).  Difference of mean precipitation between the simulation and observations. 
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Figure 3.2 (contd.).  Difference of mean precipitation between the simulation and observations. 
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(y) (z)  

(1)  

 

 

Ocean and along the coast of South America, and predominantly underestimate the 

precipitation over the Indian Ocean and Maritime Continent (e.g., ACCESS1-0 (Fig. 3.2b), 

bcc-csm1-1-m (Fig. 3.2d), GFDL-HIRAM-C180 (Fig. 3.2m), GFDL-HIRAM-C360 (Fig. 

3.2n), HadGEM2-A (Fig. 3.2p)).  Others underestimate the ITCZ in general (e.g., bcc-

csm1-1 (Fig. 3.2c), CMCC-CM (Fig. 3.2i), IPSL-CM5A-LR (Fig. 3.2r), IPSL-CM5A-MR 

(Fig. 3.2s), IPSL-CM5B-LR (Fig. 3.2t)), however some only underestimate the ITCZ 

closest to South America (e.g., MPI-ESM-LR (Fig. 3.2v), MPI-ESM-MR (Fig. 3.2w), 

NorESM1-M (Fig. 3.21)).  The Maritime Continent proves to be a difficult region to 

estimate with all simulations both overestimating certain regions within the Maritime 

Figure 3.2 (contd.).  Difference of mean precipitation between the simulation and observations. 
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Continent, and underestimating others.  Notable examples include ACCESS1-0 (Fig. 3.2b) 

and HadGEM2-A (Fig. 3.2p), which predominantly underestimate the region, but 

overestimate precipitation over a portion of Papua New Guinea, GFDL-HIRAM-C180 

(Fig. 3.2m), GFDL-HIRAM-C360 (Fig. 3.2n), and inmcm4 (Fig. 3.2q), which typically 

overestimate over the islands and underestimate over the oceans.  Some simulations tend to 

overestimate precipitation over the world’s oceans more so than others (e.g., ACCESS1-0 

(Fig. 3.2b), BNU-ESM (Fig. 3.2e), CNRM-CM5 (Fig. 3.2j), inmcm4 (Fig. 3.2q), and 

MIROC5 (Fig. 3.2u)). 

 

3.1.2 Zonally Averaged Precipitation 

 

Figure 3.3 shows the zonally averaged distribution of precipitation.  The 

simulations portray the same pattern as the observation (Fig. 3.3a) with the most notable 

peak of precipitation just north of the equator, with a smaller sister peak just south, troughs 

near both North and South 30°, and peaks in the midlatitudes that tapers off towards each 

pole.  There are notable deviations from the observations (black, solid thin line) of a few 

mm day-1 in either direction.  The majority of the simulations have higher southern and 

northern midlatitude precipitation peaks.  A notable deviation is BNU-ESM (blue, solid 

line), which has a higher mean precipitation in the midlatitudes.  Other deviations include 

inmcm4 (blue, long dash), which peaks higher just south of the equator, clearly visible in 

Fig. 3.3b, and FGOALS-s2 (purple, short dash) and MIROC5 (orange, dot dash), which 

have a deeper trough across the equator, visible in Fig. 3.3c. 

 



28 

(a) (b)  
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3.1.3 Annual Cycle of Precipitation 

 

The difference in the annual cycle of precipitation between the simulations and 

observations is shown in Fig 3.4. The primary region of interest is restricted between 30°N 

and 30°S (Fig 3.4a) due to the majority of the precipitation falling within the tropics 

throughout the year.  Many of the simulations appear to have a general increase over  

Figure 3.3.  Zonally averaged time mean Precipitation (mm day-1).  A solid black line represents 

the observations, a black dashed line represents the ensemble.  A list of identifying lines for each 

simulation is provided in Appendix A. 
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observations through the tropical region, sometimes as much as 0.8 mm day-1.  As the 

region considered is reduced to between 10°N and 10°S (Fig. 3.4b), the differences are 

greater, with a peak of excess precipitation near 1.4 mm day-1.  The most notable difference 

is the simulation bcc-csm1-1 (solid orange line), which notably underestimates the 

precipitation between May and September.  Inspecting the region from 15°S to the equator 

(Fig. 3.4c) shows differences between -1 mm day-1 to 1.5 mm day-1.  Conversely, 

Figure 3.4.  Annual cycle of mean precipitation for simulation minus observation.  A solid 

black line represents the observations, a black dashed line represents the ensemble.  A list 

of identifying lines for each simulation is provided in Appendix A.  The tropical region 

(30°S to 30°N) is (a), 10°S to 10°N is (b), then (c) and (d) are hemispheric, from 15°S to 

the equator, and the equator to 15°N respectively. 
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inspecting the region from the equator to 15°N (Fig. 3.4d) shows an excess of over 1.5 mm 

day-1 for the simulation GISS-E2-R (orange, long dash).  Although the general tropical 

region has shown a similar monthly pattern among all simulations, there are notable 

variances as the region is further restricted to 10°S to 10°N.  It also becomes clearer, as the 

region is shifted to the Southern and Northern Hemispheres respectively, that some 

simulations swap between overestimation and underestimation.  Two examples include 

BNU-ESM (solid blue line) and MRI-CGCM3 (red long dash dot line).  BNU-ESM 

overestimates in the Southern Hemisphere between May and November, then 

underestimates during the same months in the Northern Hemisphere.  MRI-CGCM3 

displays the opposite behaviour. 

 

3.1.4 Statistics of Simulated Global Precipitation 

 

Table 3.1 lists the annual mean global precipitation, the error between the 

simulations and the observations, the corresponding RMSE, and the correlation.  The mean 

precipitation values fall between 2.74 mm day-1 (e.g., bcc-csm1-1), and 3.23 mm day-1 

(e.g., MIROC5), with the observations at 2.67 mm day-1.  The mean error ranges from 0.07 

mm day-1 (e.g., bcc-csm1-1) to 0.56 mm day-1 (e.g., MIROC5), with the RMSE ranging 

from 1.03 mm day-1 (e.g., ensemble) to 1.81 mm day-1 (e.g., GFDL-HIRAM-C360).  

Correlation ranges from 0.79 (e.g., BNU-ESM and MIROC5) to 0.92 (e.g., ensemble).  All 

of the simulations overestimate the precipitation over the globe.  Although bcc-csm1-1 has 

the lowest error, by examining the corresponding RMSE (1.56 mm day-1) and correlation 

(0.81) it can be determined that it does not represent the best fit to the observational data.  

Although the ensemble’s average precipitation is higher (2.97 mm day-1), with a mean  
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Table 3.1. Climatological statistics of simulated precipitation over the globe. 

 

 

error in the middle of the range (0.30 mm day-1), it has the lowest RMSE, indicating a high 

accuracy, and the highest correlation, which determines that it best represents the observed 

precipitation.  MRI- AGCM3-2H is the closest simulation to matching the success of the 

ensemble, with a similarly low error (0.29 mm day-1), the next lowest RMSE (1.27 mm 

day-1) and slightly lower correlation (0.90).  MIROC5 has a high error and RMSE (1.78 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 2.67 - - - 

ACCESS1-0 3.08 0.41 1.58 0.86 

bcc-csm1-1 2.74 0.07 1.56 0.81 

bcc-csm1-1-m 2.80 0.13 1.52 0.83 

BNU-ESM 3.04 0.37 1.69 0.79 

CanAM4 2.79 0.12 1.42 0.85 

CCSM4 2.96 0.29 1.59 0.84 

CESM1-CAM5 3.04 0.37 1.47 0.86 

CMCC-CM 2.95 0.28 1.45 0.86 

CNRM-CM5 3.03 0.36 1.62 0.83 

CSIRO-Mk3-6-0 3.00 0.33 1.69 0.83 

FGOALS-s2 2.81 0.14 1.50 0.83 

GFDL-HIRAM-C180 2.97 0.30 1.58 0.86 

GFDL-HIRAM-C360 2.99 0.32 1.81 0.84 

GISS-E2-R 3.14 0.47 1.79 0.82 

HadGEM2-A 3.08 0.41 1.60 0.86 

inmcm4 3.20 0.53 1.56 0.84 

IPSL-CM5A-LR 2.80 0.13 1.46 0.83 

IPSL-CM5A-MR 2.83 0.16 1.44 0.82 

IPSL-CM5B-LR 2.84 0.17 1.56 0.85 

MIROC5 3.23 0.56 1.78 0.79 

MPI-ESM-LR 2.98 0.31 1.43 0.88 

MPI-ESM-MR 3.00 0.33 1.44 0.88 

MRI-AGCM3-2H 2.96 0.29 1.27 0.90 

MRI-AGCM3-2S 3.01 0.34 1.41 0.89 

MRI-CGCM3 2.99 0.32 1.52 0.88 

NorESM1-M 2.87 0.20 1.61 0.83 

Ensemble 2.97 0.30 1.03 0.92 
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mm day-1), with a low correlation, indicating it is the least successful at estimating the 

globally averaged precipitation. 

 

3.2 Precipitation - Evaporation 

 

In the moisture budget of the atmosphere, precipitation and evaporation are the 

only sink and source, respectively.  The difference between precipitation and evaporation is 

portrayed in Figure 3.5.  The ocean can be seen as being the primary source for moisture in 

the air for all simulations and the observations, between approximately 15°N-30°N and 

10°S-35°S.  Precipitation dominates from approximately 10°S-15°N, the region that holds 

the ITCZ, and over land.  Several simulations have well defined regions of precipitation for 

the ITCZ, corresponding well to the observations (Fig. 3.5a), with the exception of bcc-

csm1-1 (Fig. 3.5d), CanAM4 (Fig. 3.5g), FGOALS-s2 (Fig. 3.5m), inmcm4 (Fig. 3.5r), 

IPSL-CM5A-LR (Fig. 3.5s), IPSL-CM5A-MR (Fig. 3.5t), IPSL-CM5B-LR (Fig. 3.5u), 

MPI-ESM-LR (Fig. 3.5w), MPI-ESM-MR (Fig. 3.5x), and MRI-CGCM3 (Fig. 3.51), that 

have weaker ITCZ representations.  The observations show a strong precipitation region 

over the Indian Ocean, which several simulations correspond with.  Notable exceptions are 

BNU-ESM (Fig. 3.5f), CCSM4 (Fig. 3.5h), CESM1-CAM5 (Fig. 3.5i), FGOALS-s2 (Fig. 

3.5m), and MIROC5 (Fig. 3.5v).  There is notable precipitation dominance in the high 

Southern latitudes, over the ocean, North of Antarctica.  FGOALS-s2 (Fig. 3.5m) is the 

closest simulation to visually matching the observations, however it has a greater amount 

of evaporation, and a lesser amount of precipitation through the ITCZ.  The rest of the  
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Figure 3.5.  Precipitation – Evaporation.  Red indicates precipitation dominates, blue indicates 

evaporation dominates. 
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Figure 3.5 (contd.).  Precipitation – Evaporation.  Red indicates precipitation dominates, blue 

indicates evaporation dominates. 
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Figure 3.5 (contd.).  Precipitation – Evaporation.  Red indicates precipitation dominates, blue 

indicates evaporation dominates. 



36 

(s) (t)  

(u) (v)  

(w) (x)  

 

Figure 3.5 (contd.).  Precipitation – Evaporation.  Red indicates precipitation dominates, blue 

indicates evaporation dominates. 
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simulations are relatively similar to one another, however BNU-ESM (Fig. 3.5f) estimates 

a greater amount of precipitation over the globe. 

 

3.3 Annual cycle of the global Moisture Budget 

 

Although precipitation and evaporation are the sink and source, respectively, of 

moisture in the atmosphere, it is equally important to consider the moisture transport terms 

Figure 3.5 (contd.).  Precipitation – Evaporation.  Red indicates precipitation dominates, blue 

indicates evaporation dominates. 
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of advection and convergence.  Here, a brief overview of the annual cycle of these terms is 

reviewed. 

 

3.3.1 Comparison of Monthly Global Means 

 

An analysis of the monthly global means of the Moisture Budget terms reveals 

similar values and trends between observations and simulations (Fig. 3.6).  Here, the 

residual term is recalculated to include the moisture tendency, ∂q/∂t.  There is a clear 

increase of precipitation (Fig. 3.6a) and evaporation (Fig 3.6b) through June to August.  

Precipitation and evaporation are between 2.6 and 3.4 mm day-1 for all simulations and 

observations, however the observations have the least amount of precipitation throughout 

the year, and MIROC5 has the highest amount.  Horizontal advection (Fig. 3.6c) is the 

most varied in pattern, with several simulations demonstrating an opposite pattern to the 

observations.  Some examples include ACCESS1-0 (red solid line), HadGEM2-A (green 

dash line), IPSL-CM5B-LR (red short dash dot line), and MRI-CGCM3 (red long dash dot 

line), which are negative between approximately June to September.  The convergence and 

moisture tendency within the simulations match the observation pattern far better, with no 

significant deviations.  Though there is greater range, the residual pattern also tends to 

follow the observations, though the simulations’ residuals are typically smaller. 

Examining the perturbation of the terms (Fig. 3.7) reveals a finer analysis of the 

annual cycle of the moisture budget terms when compared to their means.  The sharp 

increase in precipitation and evaporation (Fig. 3.7a-b) between May and September 

primarily supplies the mean amounts of these terms.  The perturbation of the advection, 

convergence, and moisture tendency (Fig. 3.7c-e, respectively) are very similar to their  
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Figure 3.6.  Monthly means of the moisture budget, over the globe. 
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Figure 3.7. Monthly mean perturbations of the moisture budget, over the globe. 
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annual plots.  The perturbation of the residual corresponds well to the related annual plot 

(Fig. 3.6f), where the observations had the largest value, particularly between May and 

September.  There is more variation within the residual values of the observational data 

than the majority of simulations, which is expected. 

 

3.4 Mean Moisture Budget in the Tropics 

 

Examining the tropical region (Fig. 3.8) reveals a similar representation of 

precipitation (Fig. 3.8a, f, Fig. 3.8 contd. a, f), evaporation (Fig. 3.8b, g, Fig. 3.8 contd. b, 

g), and horizontal advection (Fig. 3.8c, h, Fig. 3.8 contd. c, h) between the observations, 

the ensemble, MRI-AGCM3-2H, and MIROC5.  However, MIROC5 has the largest area 

precipitation spike at the northwestern corner of South America, whereas the observations 

portray a relatively minor spike.  MIROC5 also has higher values of evaporation on the 

northern and southern edges of the tropical region.  Inspecting convergence (Fig. 3.8d) 

yields greater values for the observations off the coast of the northwestern tip of South 

America, and over the ocean, northeast of the Maritime Continent.  MIROC5 (Fig. 3.8 

contd. i) has relatively weak convergence in comparison.  Examining the terms as a whole 

reveals a similar pattern between precipitation and convergence, leading to the conclusion 

that convergence is the primary balancing term to precipitation in the moisture budget 

equation.  The ensemble, MRI-AGCM3-2H, and MIROC5 have relatively low residuals 

(Fig. 3.8j, Fig. 3.8 contd. e, j), whereas the observations (Fig. 3.8e) show spikes that appear 

to correspond with precipitation and convergence.  This is expected due to the different 

sources that were tapped to supply observational data.  With CMAP being the source for  
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Figure 3.8.  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure 3.8 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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precipitation, and NCEP-DOE Reanalysis 2 being the source for the other terms in the 

moisture budget, it can be concluded that the primary cause of these greater residuals is 

likely the precipitation. 

 

3.4.1 Statistics of Simulated Tropical Moisture Budget 

 

Table 3.2 shows the tropical monthly average values of precipitation in mm day-1, 

the mean error, the RMSE, and the correlation.  The averages range from 3.30 mm day-1 

(e.g., bcc-csm1-1, IPSL-CM5B-LR) to 4.08 mm day-1 (e.g., inmcm4), with the 

observations at 3.36 mm day-1.  Here there is evidence that some of the simulations slightly 

underestimate the precipitation (e.g., bcc-csm1-1, IPSL-CM5A-LR, IPSL-CM5B-LR) with 

error ranging from -0.06 mm day-1 to -0.07 mm day-1, with IPSL-CM5A-MR 

underestimating only very slightly, with error rounding to effectively 0.00 mm day-1.  The 

majority of the simulations, however, overestimate the precipitation, with errors ranging 

from 0.01 mm day-1 (e.g., bcc-csm1-1-m) to 0.71 mm day-1 (e.g., inmcm4).  The RMSE 

ranges from 1.31 mm day-1 (e.g., ensemble) to 2.41 mm day-1 (e.g., GFDL-HIRAM-C360, 

GISS-E2-R), with the closest simulation to the ensemble being MRI-AGCM3-2H (1.58 

mm day-1).  The correlation ranges from 0.72 (e.g., MIROC5) to 0.92 (e.g., ensemble).  

Similar to the RMSE, the closest simulation to matching the ensemble correlation is MRI-

AGCM3-2H.  The simulation with the lowest mean error (e.g., bcc-csm1-1-m) again has a 

relatively high RMSE and low correlation.  Overall, considering the global values and the 

tropical values, the MRI- AGCM3-2H simulation is performing the best on its own, and 

the ensemble is still succeeding in being the best choice to represent the precipitation. 
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Table 3.2. Climatological statistics of precipitation in the tropical region (30ºS to 30ºN). 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 3.36 - - - 

ACCESS1-0 3.74 0.37 2.07 0.84 

bcc-csm1-1 3.30 -0.07 2.08 0.77 

bcc-csm1-1-m 3.37 0.01 2.04 0.80 

BNU-ESM 3.54 0.17 2.11 0.78 

CanAM4 3.40 0.04 1.90 0.83 

CCSM4 3.64 0.27 2.12 0.80 

CESM1-CAM5 3.75 0.38 1.94 0.83 

CMCC-CM 3.47 0.11 1.89 0.84 

CNRM-CM5 3.69 0.32 2.08 0.80 

CSIRO-Mk3-6-0 3.66 0.29 2.26 0.80 

FGOALS-s2 3.56 0.20 2.01 0.79 

GFDL-HIRAM-C180 3.58 0.21 2.08 0.83 

GFDL-HIRAM-C360 3.62 0.26 2.41 0.81 

GISS-E2-R 3.91 0.54 2.41 0.78 

HadGEM2-A 3.73 0.37 2.10 0.83 

inmcm4 4.08 0.71 2.06 0.80 

IPSL-CM5A-LR 3.31 -0.06 1.87 0.80 

IPSL-CM5A-MR 3.36 0.00 1.87 0.79 

IPSL-CM5B-LR 3.30 -0.06 2.00 0.83 

MIROC5 3.96 0.60 2.35 0.72 

MPI-ESM-LR 3.57 0.21 1.88 0.86 

MPI-ESM-MR 3.61 0.24 1.88 0.86 

MRI-AGCM3-2H 3.51 0.15 1.58 0.90 

MRI-AGCM3-2S 3.60 0.23 1.73 0.89 

MRI-CGCM3 3.55 0.19 1.97 0.87 

NorESM1-M 3.63 0.26 2.17 0.79 

Ensemble 3.59 0.23 1.31 0.92 

 

 

Evaporation values in the tropics (Table 3.3) range from 3.81 mm day-1 (e.g., 

IPSL-CM5A-LR and IPSL-CM5A-MR) to 4.56 mm day-1 (e.g., inmcm4), with observation 

values at 4.16 mm day-1.  Several simulations tend to underestimate the evaporation (e.g., 

bcc- csm1-1, bcc-csm1-1-m, BNU-ESM, CanAM4, CCSM4, CMCC-CM, CSIRO-Mk3-6-

0, GFDL-HIRAM-C180, GFDL-HIRAM-C360, IPSL-CM5A-LR, IPSL-CM5A-MR, 

IPSL-CM5B-LR, MPI-ESM-LR, MRI-AGCM3-2H, MRI-AGCM3-2S, NorESM1-M),  
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Table 3.3. Climatological statistics of evaporation in the tropical region (30ºS to 30ºN). 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 4.16 - - - 

ACCESS1-0 4.29 0.14 0.87 0.91 

bcc-csm1-1 3.85 -0.31 0.96 0.87 

bcc-csm1-1-m 3.86 -0.29 0.94 0.89 

BNU-ESM 4.00 -0.16 0.86 0.87 

CanAM4 3.89 -0.26 0.80 0.89 

CCSM4 4.10 -0.05 1.02 0.87 

CESM1-CAM5 4.20 0.05 0.86 0.91 

CMCC-CM 4.04 -0.11 0.85 0.90 

CNRM-CM5 4.19 0.04 0.90 0.90 

CSIRO-Mk3-6-0 4.04 -0.12 0.96 0.88 

FGOALS-s2 4.52 0.36 1.18 0.85 

GFDL-HIRAM-C180 4.10 -0.06 0.77 0.91 

GFDL-HIRAM-C360 4.10 -0.06 0.79 0.91 

GISS-E2-R 4.38 0.22 0.95 0.88 

HadGEM2-A 4.29 0.13 0.91 0.91 

inmcm4 4.56 0.40 1.02 0.86 

IPSL-CM5A-LR 3.81 -0.34 0.86 0.90 

IPSL-CM5A-MR 3.81 -0.35 0.85 0.90 

IPSL-CM5B-LR 3.97 -0.18 0.88 0.90 

MIROC5 4.42 0.27 0.95 0.89 

MPI-ESM-LR 4.14 -0.02 0.78 0.92 

MPI-ESM-MR 4.19 0.03 0.81 0.91 

MRI-AGCM3-2H 4.05 -0.10 0.81 0.91 

MRI-AGCM3-2S 4.13 -0.03 0.87 0.90 

MRI-CGCM3 4.17 0.01 0.80 0.91 

NorESM1-M 4.04 -0.12 1.09 0.86 

Ensemble 4.12 -0.04 0.63 0.94 

 

 

including the ensemble, with mean error ranging from -0.02 mm day-1 to -0.35 mm day-1.  

The rest of the simulations overestimate the evaporation with mean error ranging from 0.01 

mm day-1 (e.g., MRI-CGCM3) to 0.40 mm day-1 (e.g., inmcm4).  The RMSE ranges from 

0.63 (e.g., ensemble), with the lowest individual simulation at 0.77 mm day-1 (e.g., GFDL-

HIRAM- C180), to 1.18 mm day-1 (e.g., FGOALS-s2).  Correlations range from as low as 

0.85 (e.g., FGOALS-s2) to as high as 0.94 (e.g., the ensemble), with the highest individual  
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Table 3.4. Climatological statistics of advection in the tropical region (30ºS to 30ºN). 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 0.09 - - - 

ACCESS1-0 0.04 -0.05 1.22 0.71 

bcc-csm1-1 0.09 -0.01 1.24 0.69 

bcc-csm1-1-m 0.08 -0.02 1.21 0.70 

BNU-ESM 0.06 -0.04 1.44 0.67 

CanAM4 0.01 -0.08 1.38 0.70 

CCSM4 0.05 -0.04 1.52 0.70 

CESM1-CAM5 0.07 -0.03 1.38 0.76 

CMCC-CM 0.03 -0.07 1.04 0.73 

CNRM-CM5 0.07 -0.02 1.43 0.67 

CSIRO-Mk3-6-0 -0.01 -0.11 1.46 0.68 

FGOALS-s2 0.00 -0.10 1.36 0.66 

GFDL-HIRAM-C180 0.01 -0.08 1.13 0.75 

GFDL-HIRAM-C360 0.01 -0.09 1.19 0.76 

GISS-E2-R 0.10 0.01 1.23 0.65 

HadGEM2-A 0.03 -0.07 1.25 0.70 

inmcm4 -0.10 -0.20 1.42 0.61 

IPSL-CM5A-LR 0.01 -0.08 1.34 0.67 

IPSL-CM5A-MR -0.01 -0.11 1.28 0.70 

IPSL-CM5B-LR -0.03 -0.12 1.41 0.66 

MIROC5 0.05 -0.04 1.21 0.72 

MPI-ESM-LR 0.05 -0.05 1.07 0.75 

MPI-ESM-MR 0.05 -0.04 1.14 0.75 

MRI-AGCM3-2H 0.00 -0.09 1.10 0.75 

MRI-AGCM3-2S 0.01 -0.08 1.16 0.76 

MRI-CGCM3 -0.05 -0.14 1.18 0.68 

NorESM1-M 0.07 -0.02 1.72 0.66 

Ensemble 0.03 -0.07 0.99 0.82 

 

 

simulation at 0.92 (e.g., MPI-ESM-LR).  The ensemble of simulations proves again to be 

one of the best representations of observational data having a relatively small error (-0.02 

mm day-1), the lowest RMSE and highest correlation.  GFDL-HIRAM-C180 also has a 

relatively small mean error of -0.06, and with the lowest individual simulation RMSE and 

a relatively high correlation of 0.91, it can be considered the best performing individual 

simulation for the evaporation in the tropics. 
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Table 3.5. Climatological statistics of convergence in the tropical region (30ºS to 30ºN). 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 0.55 - - - 

ACCESS1-0 0.51 -0.05 2.53 0.80 

bcc-csm1-1 0.45 -0.10 2.83 0.77 

bcc-csm1-1-m 0.46 -0.10 2.93 0.77 

BNU-ESM 0.47 -0.08 3.01 0.77 

CanAM4 0.56 0.01 2.76 0.79 

CCSM4 0.59 0.04 3.01 0.78 

CESM1-CAM5 0.59 0.04 2.71 0.81 

CMCC-CM 0.45 -0.11 2.84 0.75 

CNRM-CM5 0.61 0.06 3.23 0.72 

CSIRO-Mk3-6-0 0.46 -0.10 3.14 0.75 

FGOALS-s2 0.36 -0.19 3.07 0.74 

GFDL-HIRAM-C180 0.57 0.01 2.73 0.77 

GFDL-HIRAM-C360 0.56 0.00 3.22 0.72 

GISS-E2-R 0.60 0.04 3.87 0.63 

HadGEM2-A 0.51 -0.04 2.54 0.79 

inmcm4 0.46 -0.09 3.18 0.76 

IPSL-CM5A-LR 0.40 -0.15 3.01 0.72 

IPSL-CM5A-MR 0.43 -0.12 3.07 0.69 

IPSL-CM5B-LR 0.43 -0.13 3.06 0.77 

MIROC5 0.56 0.01 3.28 0.68 

MPI-ESM-LR 0.51 -0.05 2.76 0.79 

MPI-ESM-MR 0.51 -0.05 2.80 0.79 

MRI-AGCM3-2H 0.51 -0.05 2.66 0.79 

MRI-AGCM3-2S 0.45 -0.11 4.25 0.67 

MRI-CGCM3 0.54 -0.02 2.65 0.79 

NorESM1-M 0.64 0.09 3.06 0.79 

Ensemble 0.51 -0.05 2.27 0.87 

 

 

The trend of the ensemble of simulations being the best representation of 

observational data continues with the horizontal advection (Table 3.4), convergence (Table 

3.5), and residual (Table 3.6).  With horizontal advection, the ensemble average is 0.03 

mm day-1 and the observational average is 0.09 mm day-1, in a range of -0.10 mm day-1 

(e.g., inmcm4) to 0.10 mm day-1 (e.g., GISS-E2-R).  Advection is the transport of moisture, 

therefore positive (negative) advection indicates a greater (lesser) value of moisture being  
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Table 3.6. Climatological statistics of residual in the tropical region (30ºS to 30ºN). 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations -1.44 - - - 

ACCESS1-0 -1.11 0.33 2.70 0.45 

bcc-csm1-1 -1.09 0.35 2.47 0.50 

bcc-csm1-1-m -1.02 0.41 2.64 0.47 

BNU-ESM -0.99 0.45 2.75 0.43 

CanAM4 -1.06 0.38 2.74 0.46 

CCSM4 -1.11 0.33 2.92 0.41 

CESM1-CAM5 -1.11 0.33 2.87 0.46 

CMCC-CM -1.05 0.39 2.64 0.45 

CNRM-CM5 -1.18 0.26 2.90 0.42 

CSIRO-Mk3-6-0 -0.83 0.61 2.82 0.45 

FGOALS-s2 -1.31 0.13 2.64 0.45 

GFDL-HIRAM-C180 -1.10 0.34 2.77 0.43 

GFDL-HIRAM-C360 -1.04 0.40 3.02 0.38 

GISS-E2-R -1.16 0.28 3.59 0.30 

HadGEM2-A -1.10 0.34 2.72 0.45 

inmcm4 -0.84 0.60 2.90 0.32 

IPSL-CM5A-LR -0.92 0.52 2.86 0.39 

IPSL-CM5A-MR -0.86 0.58 2.91 0.37 

IPSL-CM5B-LR -1.07 0.37 2.81 0.43 

MIROC5 -1.07 0.37 2.71 0.44 

MPI-ESM-LR -1.12 0.32 2.56 0.48 

MPI-ESM-MR -1.14 0.30 2.61 0.47 

MRI-AGCM3-2H -1.05 0.39 2.81 0.42 

MRI-AGCM3-2S -0.99 0.45 4.06 0.30 

MRI-CGCM3 -1.10 0.34 2.57 0.44 

NorESM1-M -1.13 0.31 3.08 0.39 

Ensemble -1.06 0.38 2.47 0.53 

 

 

transported into the system.  The majority of the simulations have positive advection, with 

only five simulations with predominantly negative advection (e.g., CSIRO-Mk3-6-0, 

inmcm4, IPSL-CM5A-MR, IPSL-CM5B-LR, MRI-CGCM3), indicating the transport of 

dryer air into the system.  Most simulations also underestimate the positive advection of 

the observed data (0.09 mm day-1), with a mean error ranging from -0.01 mm day-1 (e.g., 

bcc-csm1-1) to -0.10 mm day-1 (e.g., FGOALS-s2).  The ensemble RMSE is 0.99 mm  



50 

day-1, with the next lowest individual simulation at 1.04 mm day-1 (e.g., CMCC-CM) and 

the highest at 1.72 (e.g., NorESM1-M).  The ensemble has the highest correlation at 0.82, 

with the next highest simulations at 0.76 (e.g., CESM1-CAM5, GFDL-HIRAM-C360, 

MRI-AGCM3-2S) and the lowest at 0.61 (e.g., inmcm4). 

For the convergence (Table 3.5), the average of the ensemble is 0.51 mm day-1, 

with the observations at 0.55 mm day-1, in a range of 0.36 (e.g., FGOALS-s2) to 0.64 mm 

day-1 (e.g., NorESM1-M).  A positive convergence term indicates an increase of moisture 

as air converges together into a region.  All simulations have a positive average 

convergence in the tropics.  Again, several simulations underestimate this term, with a 

range in error of -0.02 mm day-1 (e.g., MRI-CGCM3) to -0.19 mm day-1 (e.g., FGOALS-

s2).  One simulation (e.g., GFDL-HIRAM-C360) has an equivalent error of 0.00 mm day-1, 

while the remaining simulations overestimate the mean error in a range of 0.01 (e.g., 

CanAM4, GRDL-HIRAM-C180, MIROC5) to 0.09 (e.g., NorESM1-M).  The ensemble 

has the lowest RMSE at 2.27 mm day-1, with the next closest individual simulation at 2.53 

mm day-1 (e.g., ACCESS1-0), and the highest at 4.25 mm day-1 (e.g., MRI-AGCM3-2S).  

The ensemble has the highest correlation of convergence at 0.87, with the next closest 

simulation at 0.81 (e.g., CESM1-CAM5) and the lowest at 0.63 (e.g., GISS-E2-R). 

The mean residual of the observations is -1.44 mm day-1, in a range of -0.83 mm day-1 

(e.g., CSIRO0Mk3-6-0) to -1.31 mm day-1 (e.g., FGOALS-s2).  A negative residual, which 

includes all simulations and observations, indicates an overall underestimate of the 

moisture budget.  The mean error ranges from 0.13 mm day-1 (e.g., FGOALS-s2) to 0.61 

mm day-1 (e.g., CSIRO-Mk3-6-0).  The ensemble and bcc-csm1-1 RMSEs are 2.47 mm 

day-1, with the highest simulation at 4.06 mm day-1 (e.g., MRI-AGCM3-2S).  The ensemble 

also has the highest correlation at 0.53, with the next closest simulation at 0.50 (e.g., bcc-
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csm1-1) and the lowest correlation at 0.30 (e.g., GISS-E2-R, MRI-AGCM3-2S).  

Compared to the other terms, the error and RMSE for all simulations are relatively high, 

and the correlations are all low.  However, the observations do have the largest residual 

value, which is due in part to the data being pulled from different sources.  This implies 

that the error, RMSE, and correlation statistics for the simulation residuals will be skewed, 

and reflect the poor observation residual by appearing equally poor. 

 

3.5 Annual Cycle of the Tropical Moisture Budget 

 

Similar to the global moisture budget, here the annual cycle is examined briefly to 

see how the terms typically change over the year in the tropics.  This includes an 

examination of the monthly perturbation from the average mean value per month, which 

further emphasises annual or seasonal variations from the yearly means. 

 

3.5.1 Comparison of Monthly Tropical Means 

 

Examining the monthly mean values of the moisture budget terms in the tropical 

region (Fig. 3.9), with the residual recalculated to include the moisture tendency ∂q/∂t, 

reveals fairly steady precipitation (Fig. 3.9a) throughout the year, with only a slight 

variation of 0.1 mm day-1 as the seasons change.  Evaporation (Fig. 3.9b) peaks for all 

simulations and observations in July and December.  The advection (Fig. 3.9c) in the 

tropics is very similar to that of advection over the globe (Fig. 3.6c).  Although advection 

is predominantly negative globally, it is predominantly positive in the tropics, with the  
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(a) (b)  

(c) (d)  

(e) (f)  

 

 

 

Figure 3.9.  Annual cycle of the moisture budget, over the tropics (30ºS to 30ºN). 
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(a) (b)   

(c) (d)  

(e) (f)  

 

 

Figure 3.10.  Monthly mean perturbations of the moisture budget, over the tropics (30ºS to 

30ºN). 
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same simulations tending to trough between May and September in the tropics as over the 

globe.  The convergence (Fig. 3.9d) is all positive, but decreases significantly in April and 

May, then spikes noticeably in August for the observations and all simulations.  The 

moisture tendency (Fig. 3.9e) is very nearly 0, but there is an increase for most simulations 

and observations in May, and a second increase in September.  The residual mean (Fig. 

3.9f) is consistently negative, with the observations being larger than any of the 

simulations, which correlates with the mean values discussed in Table 3.6. 

The precipitation perturbation (Fig. 3.10a) reveals a sine pattern, with peaks in 

January and July.  Evaporation (Fig. 3.10b) is similar, however the values deviate from the 

mean far more than the precipitation.  The same previously noted outliers within the 

advection term stand out again in the perturbation (Fig. 3.10c), dipping into a trough when 

the majority of the simulations and the observations peak (May to September).  Although 

there is a significant decline in the convergence (Fig. 3.10d) between March and July, there 

is a peak in August and positive perturbation throughout the rest of the year.  There is little 

perturbation from the mean moisture tendency (Fig. 3.10e), but it is predominantly positive 

most of the year.  The larger residual (Fig. 3.10f) of the observations is apparent within the 

perturbation as well, showing a significant seasonal residual between March and June, and 

June and September. 

 

3.6 Discussion 

 

When examining the global precipitation, it became clear that an ensemble of 

simulations best estimated the observations, with the exception of lesser overall 
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precipitation over the Indian Ocean, and a larger spike of precipitation over the area where 

Panama meets South America.  All of the simulations displayed major precipitation 

patterns, such as the ITCZ and the Indian Monsoon region, however some simulations had 

weaker precipitation over the Indian Ocean, and large spikes in the northwestern part of 

South America, which leads to the resulting discrepancies in the ensemble.  This can be 

seen in other studies, where simulations and reanalyses could less reliably estimate 

precipitation extremes in the tropical region (Kharin et al., 2005).  The simulations also 

relatively accurately represented the latitudinal distribution of the yearly mean 

precipitation, with peaks on either side of the equator (the Northern Hemisphere peak being 

far greater), the approximate 20° to 30° troughs, the mid latitude peaks, and the tapering at 

the poles.  Examining the annual cycle in various regions revealed that the simulations 

were fairly consistent in representing the observations over the globe and over the larger 

tropical region (30°S to 30°N), but began to differ as the area was reduced to 10°S to 10°N, 

and differed even further when looking at the Southern or Northern Hemisphere separately 

(15°S to 0° and 0° to 15°N, respectively).  Ultimately, all of the simulations overestimated 

the global precipitation, though they had a high correlation, indicating a fairly successful 

spatial pattern comparison. 

The major source (evaporation) and sink (precipitation) of the moisture budget 

were examined and revealed similar patterns among the simulations and observations.  

Many of the simulations were very similar to the observations, with only a few showing a 

larger dominance of precipitation or evaporation.  Within the annual cycle and the 

perturbations of the moisture budget terms, it could be seen that the observations had the 

highest residual value, which is to be expected due to the data coming from different 
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sources.  The residual also fluctuated much more from the mean value than the 

simulations, indicating a likelihood the residual is tied to seasonal variations. 

Similar to the results found by Kharin et al. (2005) in the tropics, and Feng et al. 

(2014) in a slightly different nearby region, the ensemble of simulations was the best 

representation of observational precipitation in the tropics.  It also proved to be the best 

representation for the other terms in the moisture budget.  Focusing on this region proved 

that the convergence, or vertical advection, closely mirrors the precipitation.  Back and 

Bretherton (2005) also noted a strong correlation between simulation precipitation and 

vertical advection, likely due to the relationship they discussed between high wind speed in 

heavy moisture regions being closely linked to precipitation increases.  It could also be 

seen that the residual of the observations tended to be greater in regions with high 

convergence.  Similar to global means, the majority of the simulations overestimated the 

precipitation in the tropics, but they all correlate well spatially.  The majority of the 

simulations also underestimated the evaporation in the region.  Although convergence was 

overall positive, and again underestimated, the advection proved much more difficult to 

simulate, with some simulations having predominantly positive advection and some 

predominantly negative.  The residual value for the observations was large in comparison 

to the simulations, and therefore skewed the error, RMSE and correlation between the 

simulations and the observations.  Examining the annual cycle reveals similar results. 
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Chapter 4 

Moist Static Energy Budget 

 

The Moist Static Energy (MSE) is closely linked with the likelihood of 

precipitation, as found in previous studies (Maloney, 2009; Kiranmayi and Maloney, 

2011).  Atmospheres that have a high MSE tend to have frequent convective clouds.  

Likewise, atmospheres that have a low MSE tend to have lower amounts of precipitation.  

This leads to the MSE being a valuable tool for the analysis of precipitation patterns in the 

tropics.  By examining the MSE budget it can be determined how the variability of the 

moist static energy, the radiation, and the heat energy within a region contributes to the 

resulting precipitation.  In this chapter, the mean moist static energy budget is analyzed.  A 

focus on the tropical region is conducted with annual plots, statistics, monthly means and 

perturbations. 

 

4.1 Mean Moist Static Energy Budget 

 

Figure 4.1 shows the mean MSE budget over the tropics.  The observations and the 

ensemble are represented in the first half of the figure, the simulation that best matches the 
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Figure 4.1.  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure 4.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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observations (e.g., MPI-ESM-LR) and the simulation that matches the least (e.g., inmcm4) 

are in the second half.  MSE advection (Fig. 4.1a, f, Fig. 4.1 contd. a, f) is notably negative 

along the South American coast.  Above the ocean beside the western coast of South 

America, it is positive, correlating to the location of the eastern end of the ITCZ.  It also 

tends to be positive over the Maritime Continent.  The positive value of the MSE advection 

indicates an increase of MSE into the area.  The ensemble, MPI-ESM-LR, and inmcm4 

appear to match the observational patterns relatively well.  The convergence (Fig. 4.1b, g, 

Fig. 4.1 contd. b, g) is predominantly positive throughout Africa to India, and off the 

eastern coasts of Africa and South America.  The radiation heating rate is negative, 

indicating a total loss of radiation.  The location with lesser negative values match the 

major convergence and precipitation areas in the moisture budget plots, corresponding with 

the conventional wisdom of cloudy areas retaining more heat than they radiate away.  The 

sensible plus latent heat flux (Fig. 4.1d, i, Fig. 4.1 contd. d, i) has smaller values around the 

ITZC region.  This corresponds with less sensible heat flux into the air over the ocean, and 

less positive latent heat flux due to lower amounts of evaporation.  The residual (Fig. 4.1e, 

j, Fig. 4.1 contd. e, j) is predominantly negative.  With the exception of the observations 

which show a large negative residual region where the eastern side of the ITCZ occurs, 

there is a smaller residual over major precipitation regions in the tropics.  This suggests 

that the accuracy of the MSE budget depends in part on precipitation and convergence. 

 

4.1.1 Statistics of Simulated Tropical Moist Static Energy Budget 

 

The annual mean horizontal advection of the MSE is listed in Table 4.1 The 

observed average advection is -3.5 W m-2 with the simulations ranging from -0.1 (e.g.,  
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Table 4.1. Climatological statistics of MSE advection in the tropical region (30°S to 30°N). 

Model Average 

(W m-2) 

Error 

(W m-2) 

RMSE 

(W m-2) 

Correlation 

Observations -3.5 - - - 

ACCESS1-0 -2.7 0.7 59.6 0.72 

bcc-csm1-1 -1.6 1.9 72.4 0.65 

bcc-csm1-1-m -2.4 1.1 69.6 0.71 

BNU-ESM -2.8 0.6 69.9 0.65 

CanAM4 -3.8 -0.4 57.0 0.71 

CCSM4 -2.6 0.9 69.6 0.72 

CESM1-CAM5 -2.8 0.7 55.4 0.78 

CMCC-CM -1.5 2.0 42.5 0.77 

CNRM-CM5 -1.3 2.2 55.9 0.73 

CSIRO-Mk3-6-0 -5.8 -2.3 69.4 0.66 

FGOALS-s2 -2.1 1.4 64.5 0.63 

GFDL-HIRAM-C180 -4.5 -1.1 44.3 0.80 

GFDL-HIRAM-C360 -5.1 -1.6 43.1 0.81 

GISS-E2-R -0.9 2.5 58.0 0.64 

HadGEM2-A -3.1 0.3 59.1 0.70 

inmcm4 -5.2 -1.7 56.1 0.69 

IPSL-CM5A-LR -3.1 0.3 78.9 0.70 

IPSL-CM5A-MR -3.8 -0.4 65.8 0.74 

IPSL-CM5B-LR -2.8 0.6 89.9 0.65 

MIROC5 -1.4 2.1 59.4 0.71 

MPI-ESM-LR -0.6 2.9 48.8 0.73 

MPI-ESM-MR -0.1 3.4 55.1 0.72 

MRI-AGCM3-2H -4.1 -0.6 41.3 0.81 

MRI-AGCM3-2S -3.7 -0.3 48.1 0.82 

MRI-CGCM3 -5.5 -2.1 52.5 0.74 

NorESM1-M -1.8 1.6 65.5 0.68 

Ensemble -2.9 0.6 39.1 0.85 

 

 

MPI-ESM-MR) W m-2 to -5.8 W m-2 (e.g., CSIRO-Mk3-6-0).  Negative MSE advection, 

similar to the moisture budget advection, indicates a decrease of MSE being horizontally 

transported into the area.  The majority of the simulations underestimate the MSE 

advection, with error ranging from 0.03 W m-2 (e.g., HadGEM2-A, IPSL-CM5A-LR) to 

3.4 W m-2 (e.g., MPI-ESM-MR).  The simulations that overestimated the MSE advection 
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have an error range of -0.3 W m-2 (e.g., MRI-AGCM3-2S) to -2.3 W m-2 (e.g., CSIRO-

Mk3-6-0).  The RMSE is fairly high for all simulations, ranging from 39.1 W m-2 (e.g., 

ensemble) to 89.9 W m-2 (e.g., IPSL-CM5B-LR).  A high RMSE indicates a low overall 

accuracy between the simulations and the observations.  The high RMSE could indicate a 

phase difference between the data and the observations, skewing the results in the tropical 

region.  However, there is still a reasonably high correlation, with a range of 0.63 (e.g., 

FGOALS-s2) to 0.85 (e.g., ensemble), with the next closest simulation at 0.82 (e.g., MRI-

AGCM3-2S) indicating there is a reasonable match in the spatial pattern of the advection 

to that of the observations. 

MSE convergence (Table 4.2) is consistently positive, indicating an increase of the 

MSE density in the region as air parcels push together.  The average values are between 

14.9 W m-2 (e.g., inmcm4) to 22.0 W m-2 (e.g., MRI-CGCM3) with the observations value 

at 22.9 W m-2.  All simulations underestimate the MSE convergence, with errors ranging 

from -0.9 W m-2 (e.g., MRI-CGCM3) to -8.0 W m-2 (e.g., inmcm4), which indicates large 

consistent areas of underestimation, similar to the advection term.  Also similar to the MSE 

advection, the MSE convergence RMSE is fairly large, and ranges from 31.3 W m-2 for the 

ensemble, with the next closest simulation at 32.7 W m-2 (e.g., MPI-ESM-MR), to 129.3 W 

m-2 (e.g. MRI-AGCM3-2S).  The correlation ranges from 0.21 (e.g., GISS-E2-R) to as high 

as 0.71 for an individual simulation (e.g., MPI-ESM-LR, MPI-ESM-MR) with the 

ensemble correlating at 0.72.  The lower correlation of the MSE convergence indicates that 

the spatial patterns of the simulations and the observations match less than the MSE 

advection. 

The total radiation term (Table 4.3) combines longwave radiation and shortwave 

radiation.  Shortwave radiation is predominantly incoming energy, and longwave radiation  
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Table 4.2. Climatological statistics of MSE convergence in the tropical region (30ºS to 30ºN). 

Simulation Average 

(W m-2) 

Error 

(W m-2) 

RMSE 

(W m-2) 

Correlation 

Observations 22.9 - - - 

ACCESS1-0 21.6 -1.3 42.4 0.68 

bcc-csm1-1 19.5 -3.4 34.4 0.67 

bcc-csm1-1-m 18.5 -4.4 35.6 0.68 

BNU-ESM 18.3 -4.5 40.8 0.59 

CanAM4 20.1 -2.7 44.4 0.69 

CCSM4 18.5 -4.3 49.9 0.58 

CESM1-CAM5 19.9 -3.0 46.5 0.64 

CMCC-CM 19.9 -3.0 34.9 0.68 

CNRM-CM5 21.1 -1.7 32.9 0.64 

CSIRO-Mk3-6-0 19.5 -3.3 38.7 0.61 

FGOALS-s2 18.7 -4.1 38.9 0.61 

GFDL-HIRAM-C180 19.7 -3.1 39.1 0.65 

GFDL-HIRAM-C360 18.6 -4.3 48.7 0.56 

GISS-E2-R 17.6 -5.3 120.1 0.21 

HadGEM2-A 21.6 -1.2 43.1 0.67 

inmcm4 14.9 -8.0 38.2 0.62 

IPSL-CM5A-LR 17.8 -5.0 47.4 0.55 

IPSL-CM5A-MR 16.6 -6.2 50.7 0.50 

IPSL-CM5B-LR 21.2 -1.7 49.1 0.57 

MIROC5 17.7 -5.1 38.5 0.65 

MPI-ESM-LR 20.5 -2.4 33.1 0.71 

MPI-ESM-MR 20.6 -2.3 32.7 0.71 

MRI-AGCM3-2H 20.8 -2.0 55.7 0.62 

MRI-AGCM3-2S 21.0 -1.9 129.3 0.40 

MRI-CGCM3 22.0 -0.9 39.2 0.68 

NorESM1-M 17.8 -5.1 48.7 0.60 

Ensemble 19.4 -3.5 31.3 0.72 

 

 

is predominantly outgoing.  Therefore, the negative sign on the radiation indicates a net 

loss of radiation.  The average values for the total radiation range between -99.7 W m-2 

(e.g., CNRM-CM5) to -123.1 W m-2 (e.g., inmcm4) with observations at 119.2 W m-2.  

Only one simulation overestimates the amount of outgoing radiation with an error of -3.9 

W m-2 (e.g., inmcm4), the rest of the simulations underestimate it with an error range of 2.7  
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Table 4.3. Climatological statistics of total radiation in the tropical region (30ºS to 30ºN). 

Simulation Average 

(W m-2) 

Error 

(W m-2) 

RMSE 

(W m-2) 

Correlation 

Observations -119.2 - - - 

ACCESS1-0 -112.6 6.6 16.5 0.80 

bcc-csm1-1 -100.7 18.5 23.3 0.83 

bcc-csm1-1-m -101.5 17.7 24.1 0.78 

BNU-ESM -105.1 14.2 21.6 0.77 

CanAM4 -105.2 14.0 24.6 0.72 

CCSM4 -105.0 14.2 22.2 0.79 

CESM1-CAM5 -109.6 9.6 18.2 0.84 

CMCC-CM -101.8 17.4 22.3 0.83 

CNRM-CM5 -99.7 19.5 22.7 0.79 

CSIRO-Mk3-6-0 -110.5 8.8 22.9 0.76 

FGOALS-s2 -111.0 8.2 14.7 0.84 

GFDL-HIRAM-C180 -104.8 14.4 20.4 0.83 

GFDL-HIRAM-C360 -106.2 13.1 19.1 0.85 

GISS-E2-R -116.5 2.7 15.4 0.78 

HadGEM2-A -112.3 6.9 17.2 0.80 

inmcm4 -123.1 -3.9 15.0 0.77 

IPSL-CM5A-LR -105.9 13.4 24.0 0.69 

IPSL-CM5A-MR -106.7 12.5 23.3 0.70 

IPSL-CM5B-LR -107.8 11.5 22.3 0.72 

MIROC5 -110.7 8.5 18.0 0.80 

MPI-ESM-LR -105.2 14.0 19.9 0.82 

MPI-ESM-MR -106.6 12.6 18.4 0.83 

MRI-AGCM3-2H -104.5 14.8 22.3 0.81 

MRI-AGCM3-2S -106.6 12.6 20.6 0.82 

MRI-CGCM3 -105.5 13.7 21.1 0.76 

NorESM1-M -101.5 17.7 26.5 0.76 

Ensemble -107.2 12.0 17.9 0.85 

 

 

W m-2 (e.g., GISS-E2-R) to 19.5 W m-2 (e.g., CNRM-CM5).  The range of the RMSE is 

14.2 W m-2 (e.g., FGOALS-s2) to 26.5 W m-2 (e.g., NorESM1-M).  The correlation ranges 

from 0.69 (e.g., IPSL-CM5A-LR) to 0.85 for the ensemble and GFDL-HIRAM-C360.  

With the relative size of the radiation values, the error and RMSE are not unreasonable.  

The correlation still provides a relatively high spatial pattern comparison. 
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Table 4.4. Climatological statistics of heat flux in the tropical region (30ºS to 30ºN). 

Simulation Average 

(W m-2) 

Error 

(W m-2) 

RMSE 

(W m-2) 

Correlation 

Observations 137.4 - - - 

ACCESS1-0 145.4 8.1 27.2 0.88 

bcc-csm1-1 135.7 -1.7 28.5 0.85 

bcc-csm1-1-m 134.9 -2.5 28.8 0.85 

BNU-ESM 140.0 2.7 29.3 0.80 

CanAM4 140.1 2.7 24.6 0.88 

CCSM4 138.1 0.7 33.1 0.83 

CESM1-CAM5 141.4 4.0 27.9 0.86 

CMCC-CM 137.4 0.0 24.2 0.88 

CNRM-CM5 138.5 1.1 27.2 0.85 

CSIRO-Mk3-6-0 140.8 3.5 30.0 0.82 

FGOALS-s2 149.0 11.6 32.2 0.82 

GFDL-HIRAM-C180 139.7 2.4 24.4 0.88 

GFDL-HIRAM-C360 139.4 2.1 25.1 0.87 

GISS-E2-R 149.3 11.9 29.1 0.85 

HadGEM2-A 145.3 7.9 27.3 0.88 

inmcm4 163.7 26.3 37.9 0.79 

IPSL-CM5A-LR 140.7 3.3 26.8 0.84 

IPSL-CM5A-MR 139.7 2.3 27.4 0.83 

IPSL-CM5B-LR 145.0 7.7 25.9 0.87 

MIROC5 144.6 7.3 27.6 0.84 

MPI-ESM-LR 142.5 5.1 22.9 0.89 

MPI-ESM-MR 144.4 7.0 24.1 0.89 

MRI-AGCM3-2H 139.3 2.0 26.6 0.88 

MRI-AGCM3-2S 140.9 3.6 27.8 0.87 

MRI-CGCM3 141.2 3.8 25.2 0.88 

NorESM1-M 137.0 -0.4 34.5 0.81 

Ensemble 142.1 4.7 20.8 0.92 

 

 

Table 4.4 combines the surface sensible and latent heat fluxes.  The average values 

are all positive, indicating the energy is entering into the atmosphere.  The values range 

from 134.9 W m-2 (e.g., bcc-csm1-1-m) to 163.7 W m-2 (e.g., inmcm4), with observations 

at 137.4 W m-2.  Three simulations underestimate the total heat flux (e.g., bcc-csm1-1, bcc- 

csm1-1-m, and NorESM1-M) with error ranging from -0.4 W m-2 (e.g., NorESM1-M) to    
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-2.5 W m-2 (e.g., bcc-csm1-1-m).  A single simulation (e.g., CMCC-CM) has an error of 

effectively 0.00 W m-2.  The simulations that overestimate the heat flux have an error range 

of 0.7 (e.g., CCSM4) to 26.3 W m-2 (e.g., inmcm4).  The RMSE ranges from 20.8 W m-2 

for the ensemble, with the next closest simulation at 22.9 W m-2 (e.g., MPI-ESM-LR), to 

37.9 W m-2 (e.g., inmcm4).  The correlation ranges from 0.79 (e.g., inmcm4) to 0.92 for the 

ensemble, with the next closest simulations at 0.89 (e.g., MPI-ESM-LR, and MPI-ESM-

MR).  Similar to the previous terms, it can be concluded from the relatively large RMSE 

with respect to the error that there is a possibility of a phase difference that is reducing the 

accuracy of the data.  However, also similar to previous terms, there is a relatively high 

correlation, indicating an agreement in general spatial patterns. 

Table 4.5 displays the average residual values, errors, RMSE, and correlation 

between the simulations and the observations.  The average values of the residual are all 

negative and relatively large, indicating that the simulations and the observations 

underestimate the MSE budget.  They range from as small as -37.5 W m-2 (e.g., 

observations) with the closest simulation at -44.1 W m-2 (e.g., CSIRO-Mk3-6-0), to as 

large as -58.6 W m-2 (e.g., CNRM-CM5).  The error ranges from -6.6 W m-2 (e.g., CSIRO-

Mk3-6-0) to -21.0 W m-2 (e.g., CNRM-CM5).  The RMSE values range from 61.4 W m-2 

(e.g., ensemble), with the next closest simulation at 64.7 W m-2 (e.g., CMCC-CM), to 

145.0 W m-2 (e.g., MRI-AGCM3-2S). Correlation values range from 0.44 (e.g., GISS-E2-

R) to 0.78 (e.g., ensemble), with the next closest simulations at 0.73 (e.g., GFDL-HIRAM-

C180, MRI-AGCM3-2H). 

The ensemble of simulations consistently has the lowest RMSE and highest 

correlation, except for the total radiation when it had slightly higher RMSE (17.9 W m-2) 

than the lowest.  Due to the relatively large size of the residual values in the simulations, it  
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Table 4.5. Climatological statistics of residual in the tropical region (30ºS to 30ºN). 

Simulation Average 

(W m-2) 

Error 

(W m-2) 

RMSE 

(W m-2) 

Correlation 

Observations -37.5 - - - 

ACCESS1-0 -51.7 -14.1 93.3 0.68 

bcc-csm1-1 -52.9 -15.4 100.4 0.59 

bcc-csm1-1-m -49.4 -11.9 92.7 0.64 

BNU-ESM -50.5 -12.9 96.4 0.56 

CanAM4 -51.2 -13.6 76.7 0.67 

CCSM4 -49.0 -11.5 107.4 0.60 

CESM1-CAM5 -48.9 -11.3 82.2 0.71 

CMCC-CM -53.9 -16.4 64.7 0.72 

CNRM-CM5 -58.6 -21.0 79.1 0.66 

CSIRO-Mk3-6-0 -44.1 -6.6 89.9 0.59 

FGOALS-s2 -54.6 -17.1 88.8 0.57 

GFDL-HIRAM-C180 -50.1 -12.6 69.2 0.73 

GFDL-HIRAM-C360 -46.8 -9.2 74.2 0.70 

GISS-E2-R -49.4 -11.8 138.3 0.44 

HadGEM2-A -51.5 -13.9 91.2 0.67 

inmcm4 -50.3 -12.8 81.1 0.59 

IPSL-CM5A-LR -49.6 -12.0 103.8 0.58 

IPSL-CM5A-MR -45.8 -8.3 92.1 0.58 

IPSL-CM5B-LR -55.6 -18.1 114.8 0.57 

MIROC5 -50.2 -12.7 80.3 0.67 

MPI-ESM-LR -57.2 -19.6 71.0 0.70 

MPI-ESM-MR -58.3 -20.7 78.5 0.69 

MRI-AGCM3-2H -51.6 -14.0 79.7 0.73 

MRI-AGCM3-2S -51.6 -14.0 145.3 0.61 

MRI-CGCM3 -52.2 -14.7 74.9 0.68 

NorESM1-M -51.4 -13.9 102.1 0.57 

Ensemble -51.4 -13.9 61.4 0.78 

 

 

can be determined that the primary difficulty in balancing the MSE budget likely resides in 

the two larger terms; the total radiation and the latent and sensible heat flux.  The 

horizontal advection and convergence are too small to significantly affect the residual.  

Likely sources of error include clouds that affect the radiation, and near surface winds that 

affect the latent and sensible heat flux. 



68 

4.2 Annual cycle of the tropical 

Moist Static Energy Budget 

 

Seasonal patterns of the MSE budget within the tropical region will become clear 

with an examination of the annual cycle.  Examining the perturbation of the terms from 

their respective means will also provide insight into their trends. 

 

4.2.1 Comparison of Monthly Tropical Means 

 

Figure 4.2 examines the monthly changes in the advection, convergence, radiation, 

heat flux, MSE tendency ∂h/∂t, and the residual (Fig.4.2a-f) in the tropics (30ºS to 30ºN).  

Two simulations stand out in the annual advection plot (Fig. 4.2a, red short dash dot, red 

long dash dot) as having a trough when the majority of the simulations and observations 

peak and become positive between June and September (e.g., IPSL-CM5B-LR, MRI-

CGCM3).  The MSE convergence (Fig. 4.3b) displays a similar monthly pattern among all 

simulations and observations, with the observations showing a larger value than the 

simulations.  One simulation, inmcm4 (blue dash line), is lower than all the other 

simulations and becomes an outlier.  This pattern is repeated in the radiation (Fig. 4.3c) 

and heat flux (Fig. 4.3d) where inmcm4 is somewhat of an outlier compared to other 

simulations.  In the total radiation, inmcm4 is greater than all the other simulations in terms 

of radiation leaving the atmosphere, but this does result in it being closer to the 

observations.  In the total heat flux, inmcm4 is greater than the other simulations by  
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(a) (b)   

(c) (d)  

 (e) (f)  

 

 

 

Figure 4.2.  Monthly means of the MSE advection, residual, convergence, and MSE tendency in 

the tropical region (30ºS to 30ºN). 
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(a) (b)  

(c) (d)  

(e) (f)  

 

 

 

 

Figure 4.3.  Monthly mean perturbations of the MSE budget in the tropical region (30ºS to 30ºN). 
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approximately 10 W m-2, far above the observations.  The MSE tendency is contrary to the 

specific humidity tendency, and is predominantly positive between January and July, and 

negative from August onward.  Within the residual (Fig 4.2f), it is clear that the 

observations may have a smaller residual but much larger variation within it. 

 

4.2.2 Comparison of Monthly Tropical Perturbations 

 

The mean advection in the tropics is predominantly negative, but there is a large 

positive perturbation (Fig. 4.3a) between May and September, where the monthly mean 

negative advection reduces, then becomes positive, from June to September for the 

majority of simulations.  The perturbation of convergence (Fig. 4.3b) shows that even 

though the values of the monthly convergence can vary by as much as 10 W m-2, they all 

deviate from the mean value roughly the same, indicating a likely systematic difference in 

the values.  The radiation term (Fig. 4.2c) is for the most part very similar, with the 

majority of the simulations deviating from the annual mean value relatively equally.  

However, the heat flux term (Fig. 4.2d) shows increased differences between the 

simulations, both in quantity and in some simulations seasonal phase, where the 

perturbation from the mean begins earlier than the observations.  The perturbation of the 

MSE tendency (Fig. 4.2e) shows very little difference from the monthly mean plot (Fig. 

4.1e) due to the annual mean being very close to 0 W m-2.  Although the observed residual 

values in the annual means (Fig. 4.1f) are less than that of the simulations, the perturbation 

is greater, showing a larger seasonal fluctuation of the MSE budget for the observations. 
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4.3 Discussion 

 

The MSE budget for the tropical region has five major terms: the advection, 

convergence, total radiation, total heat flux, and the residual.  Although the advection of 

the moist static energy is predominantly negative, there are notable areas of positive 

advection, such as off the coast of South America near the eastern end of the ITCZ and 

over the Maritime Continent.  Convergence is predominantly positive throughout the 

tropical region, and is only negative over ocean regions.  The radiation total, which 

combines shortwave and longwave radiation, shows lesser outgoing values over regions 

that showed high precipitation and moisture convergence in the moisture budget.  Heat 

flux, which includes sensible and latent heat fluxes, shows lesser values near the ITCZ and 

Indian Ocean.  This implies less heat radiating into the air from the surface, and less 

evaporation, which correlates with these regions being known to have high moisture 

convergence and precipitation. 

Statistically, higher RMSE values in the MSE budget could indicate a phase shift 

between the simulations and observations.  This is consistent through all of the MSE terms.  

The MSE convergence was found to be consistently underestimated among the 

simulations.  Considering the size of the relative values, the total radiation and heat flux 

errors were not unreasonable, and their correlations still indicated a reasonable match with 

spatial pattern between the simulations and observations.  However, the residual values 

were large, which suggests the two larger terms, radiation and heat flux, may be the 

primary sources of error.  This is likely caused by clouds affecting radiation data and 

surface winds affecting heat flux data, which are noted by Back and Bretherton (2005).  



73 

Kiranmayi and Maloney (2011) derived a large residual value as well, although it was in 

relation to the Madden-Julian Oscillation.  They hypothesised that within the reanalysis 

data there may have been a missing or misrepresented MSE recharge process.  Considering 

the simulations also resulted in large residual values, there may be errors within the 

calculation, or something missing from the MSE budget equation itself. 

The monthly plots of the MSE budget show some similarities with the moisture 

budget.  Two simulations show a similar trough in MSE advection to moisture budget 

advection (e.g., IPSL-CM5B-LR, MRI-CGCM3).  Within the advection perturbations, a 

large peak occurred as the advection shifted from predominantly negative values to 

positive values between June and September.  There appears to be a systematic error within 

the convergence and total radiation as all simulations have very similar perturbations from 

their means.  Within the total heat flux, some models appear seasonally out of phase from 

the observations.  One simulation (e.g., inmcm4) was set apart from the others by 

underestimating the MSE convergence and total radiation greater than the other 

simulations.  Likewise, the same model overestimated the total heat flux greater than the 

others.  Although the residual value of the observations is less than that of the simulations, 

it shows a far greater perturbation from its mean, suggesting the residual is tied into 

seasonal variations. 
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Chapter 5 

A case study on the 

Maritime Continent 

 

Here, the simulations are compared to observational data in the Maritime 

Continent region, both for the moisture budget and the MSE budget.  The chapter will 

begin with a brief description of the Maritime Continent and its challenges, followed by an 

analysis of the moisture budget terms for both the observed data and the simulations. 

 

5.1 The Moisture Budget  

 

The Maritime Continent is a complex region of islands between the Pacific Ocean, 

the Indian Ocean, Australia, and Asia.  It includes Indonesia, Papua New Guinea, the 

Philippines, Malaysia, Sumatra, and several smaller islands.  The islands are also 

mountainous, and covered in vegetation, leading to complex land-atmosphere interactions.  

As noted in Chapter 3, simulations appear to have difficulty in simulating precipitation in  

 

 



75 

 

 

 

Figure 5.1.  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure 5.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 



77 

the Maritime Continent.  With an analysis of the moisture budget, it can be determined 

which term causes the greatest error. 

Figure 5.1 is a representation of the moisture budget terms for the observations, the 

ensemble of simulations, and the representative simulations; MRI-AGCM3-2H and 

MIROC5, for the best and worst simulations, respectively.  Examining the precipitation in 

the observations (Fig. 5.1a) show large regions of increased precipitation, but it is typically 

over the oceans, with no notable spikes.  There is a spike in the ensemble (Fig. 5.1f) over 

the eastern most island of Indonesia, Papua.  A similar spike appears in MRI-AGCM3-2H 

(Fig. 5.1 contd. a) and another over Papua New Guinea.  MIROC5 (Fig. 5.1 contd. f) also 

has spikes of precipitation over Papua New Guinea and west of Myanmar, over the ocean.  

The evaporation (Fig. 5.1b, g, Fig. 5.1 contd. b) of the observations, ensemble, and MRI-

AGCM3-2H are fairly similar.  There is a larger amount of evaporation over the North 

Pacific Ocean in the MIROC5 (Fig. 5.1 contd. g) simulation, and also to the south central, 

over the Banda, Timor, and Arafura seas.  The horizontal advection (Fig. 5.1c, h, Fig. 5.1 

contd. c) shows little difference between the observations, the ensemble, and MRI-

AGCM3-2H, however, there is a slight increase in MIROC5 (Fig. 5.1 contd. h) over the 

South China Sea.  The observations have stronger areas of convergence (Fig. 5.1d), 

primarily over the oceans, to the west and east of the central islands, with another stronger 

area over Myanmar, which falls roughly within the same area as the heavier precipitation.  

Comparatively, the ensemble (Fig. 5.1i) has weaker convergence, though it also aligns with 

areas of heavier precipitation.  MRI-AGCM3-2H and MRIOC5 (Fig. 5.1 contd. d, i) have 

convergence in areas matching their heavier spikes of precipitation, though overall 

MIROC5 is fairly reduced.  Just like the tropical region, the largest areas of residual match 
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the convergence within the observations (Fig. 5.1e).  Within MIROC5 (Fig. 5.1 contd. j), 

the residual appears to match the evaporation and to a lesser degree, the advection. 

 

5.1.1 Statistics of the Moisture Budget 

 

Examining the precipitation within the region (Table 5.1), the average values range 

from 5.32 mm day-1 (e.g. HadGEM2-A) to 8.40 mm day-1 (e.g. MRI-CGCM3) with the 

observations at 6.84 mm day-1, a much greater amount than the average over the general 

tropical region, and a greater variance between the maximum and minimum rainfall  

 (approximately 3 mm day-1).  Several simulations (18), which includes the ensemble, 

underestimate the precipitation, with an error ranging from effectively 0.00 mm day-1 (e.g., 

MPI-ESM-MR) to -1.53 mm day-1 (e.g., HadGEM2-A), while the remaining simulations 

overestimate the precipitation with error ranging from 0.01 mm day-1 (e.g., MRI-AGCM3-

2H) to 1.55 mm day-1 (e.g., MRI-CGCM3).  This is a notable difference from the tropical 

region, in which the majority of simulations overestimated the total yearly precipitation.  

The RMSE ranges from 2.24 mm day-1 (e.g., ensemble) to 4.55 mm day-1 (e.g., GFDL-

HIRAM-C360).  The closest individual simulation to the ensemble RMSE is IPSL-CM5A-

MR at 2.52 mm day-1.  The correlation ranges from 0.39 (e.g., MIROC5) to 0.82 for the 

ensemble, with the closest individual simulation, MRI-AGCM3-2H, at 0.80.  It is clear that 

simulating precipitation in such a complex region poses a greater difficulty due to the 

larger error and RMSE, and lower correlation values than the tropics. 

The averages in evaporation (Table 5.2) ranges from 3.88 mm day-1 (e.g., IPSL-

CM5A-MR) to 5.37 mm day-1 (e.g., FGOALS-s2) with the observations at 4.28 mm day-1.    

The values are only slightly larger than the tropical region in general.  The majority of the  
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Table 5.1.  Climatological statistics of precipitation in the Maritime Continent. 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 6.84 - - - 

ACCESS1-0 5.36 -1.48 3.54 0.67 

bcc-csm1-1 6.20 -0.64 3.78 0.61 

bcc-csm1-1-m 5.99 -0.85 3.01 0.63 

BNU-ESM 6.70 -0.15 3.07 0.54 

CanAM4 6.44 -0.40 2.94 0.69 

CCSM4 6.83 -0.02 3.34 0.59 

CESM1-CAM5 6.79 -0.06 2.55 0.63 

CMCC-CM 6.91 0.06 3.12 0.72 

CNRM-CM5 6.45 -0.39 3.67 0.53 

CSIRO-Mk3-6-0 6.34 -0.51 3.28 0.53 

FGOALS-s2 6.21 -0.63 3.46 0.59 

GFDL-HIRAM-C180 6.51 -0.33 3.89 0.58 

GFDL-HIRAM-C360 6.46 -0.38 4.55 0.50 

GISS-E2-R 7.30 0.46 4.38 0.56 

HadGEM2-A 5.32 -1.53 3.47 0.66 

inmcm4 8.16 1.32 3.85 0.55 

IPSL-CM5A-LR 6.94 0.10 2.58 0.57 

IPSL-CM5A-MR 6.91 0.07 2.52 0.53 

IPSL-CM5B-LR 7.77 0.93 3.80 0.74 

MIROC5 5.98 -0.86 4.17 0.39 

MPI-ESM-LR 6.80 -0.04 3.46 0.72 

MPI-ESM-MR 6.84 0.00 2.82 0.74 

MRI-AGCM3-2H 6.85 0.01 2.56 0.80 

MRI-AGCM3-2S 6.72 -0.12 2.67 0.77 

MRI-CGCM3 8.40 1.55 3.73 0.76 

NorESM1-M 7.15 0.30 3.86 0.55 

Ensemble 6.70 -0.14 2.24 0.82 

 

 

simulations, including the ensemble, overestimate the evaporation, with error ranging from 

0.04 mm day-1 (e.g., MRI-AGCM3-2S) to 1.10 mm day-1 (e.g., FGOALS-s2), whereas 

within the tropics the majority of the models underestimated the evaporation.  The rest of 

the simulations have an error ranging from -0.01 mm day-1 (e.g., CESM1-CAM5) to -0.40 

mm day-1 (e.g., IPSL-CM5A-MR).  The RMSE ranges from 0.71 mm day-1 (e.g., CanAM4) 

to 1.95 mm day-1 (e.g., FGOALS-s2).  The ensemble follows CanAM4 closely at 0.72 mm  
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Table 5.2.  Climatological statistics of evaporation in the Maritime Continent. 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 4.28 - - - 

ACCESS1-0 4.52 0.24 1.09 0.73 

bcc-csm1-1 4.59 0.31 0.84 0.72 

bcc-csm1-1-m 4.44 0.17 0.97 0.72 

BNU-ESM 4.11 -0.16 0.85 0.76 

CanAM4 4.22 -0.06 0.71 0.77 

CCSM4 4.37 0.09 1.69 0.68 

CESM1-CAM5 4.27 -0.01 0.97 0.76 

CMCC-CM 4.58 0.30 1.02 0.71 

CNRM-CM5 4.40 0.12 0.98 0.73 

CSIRO-Mk3-6-0 4.01 -0.27 1.16 0.75 

FGOALS-s2 5.37 1.10 1.95 0.71 

GFDL-HIRAM-C180 4.24 -0.03 0.91 0.78 

GFDL-HIRAM-C360 4.14 -0.14 0.84 0.76 

GISS-E2-R 5.07 0.79 0.89 0.71 

HadGEM2-A 4.52 0.24 1.11 0.71 

inmcm4 5.20 0.92 1.45 0.58 

IPSL-CM5A-LR 3.97 -0.31 0.80 0.76 

IPSL-CM5A-MR 3.88 -0.40 0.89 0.74 

IPSL-CM5B-LR 4.43 0.15 0.82 0.78 

MIROC5 4.60 0.32 1.63 0.71 

MPI-ESM-LR 4.55 0.27 1.08 0.78 

MPI-ESM-MR 4.66 0.38 0.96 0.79 

MRI-AGCM3-2H 4.26 -0.02 0.83 0.77 

MRI-AGCM3-2S 4.32 0.04 0.91 0.75 

MRI-CGCM3 4.67 0.39 0.95 0.74 

NorESM1-M 4.26 -0.02 1.78 0.69 

Ensemble 4.45 0.17 0.72 0.84 

 

 

 day-1.  The correlation between the simulations and the observations ranges from 0.58 

(e.g., inmcm4) to the ensemble at 0.84, with the next closest individual simulation at 0.79 

(e.g., MPI-ESM-MR).  Similar to precipitation in the Maritime Continent versus the 

tropics, the RMSE is larger and the correlation is overall lower than the evaporation in the 

tropics. 
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In table 5.3, the horizontal moisture advection ranges from 0.1 mm day-1 (e.g., 

IPSL-CM5A-MR) to 0.66 mm day-1 (e.g., MIROC5) with the observations at 0.27 mm  

day-1.  As in the tropical analysis, the positive advection indicates an increase of moisture 

being transported into the area, however the values are larger within the Maritime 

Continent overall and are all positive.  Some simulations underestimate the advection, with 

an error ranging from -0.03 mm day-1 (e.g., CCSM4) to -0.26 mm day-1 (e.g., IPSL-CM5A-

MR).  Others overestimate the horizontal advection, with error ranging from 0.01 mm day-1 

(e.g., NorESM1-M, CSIRO-Mk3-6-0) to 0.39 mm day-1 (e.g., MIROC5).  The RMSE 

ranges from 1.07 mm day-1 (e.g., CMCC-CM) to 3.30 mm day-1 (e.g., NorESM1-M).  The 

correlation ranges from 0.53 (e.g., MRI-CGCM3) to 0.75 (e.g., MRI-AGCM3-2S, 

ensemble).  Compared to the tropical region, the moisture advection within the Maritime 

Continent has only slightly larger RMSE values and only slightly lower correlation values. 

Positive moisture convergence (Table 5.4) indicates an increase of moisture 

density in a region, which all simulations demonstrate.  The average values range from 

2.19 mm day-1 (e.g., HadGEM2-A) to 5.87 mm day-1 (e.g., MRI-CGCM3) with the 

observations at 4.27 mm day-1, far larger than convergence in the tropical region.  The 

majority of simulations and the ensemble underestimate the convergence, with error 

ranging from -0.06 mm day-1 (e.g., IPSL-CM5A-LR) to -2.07 mm day-1 (e.g., HadGEM2-

A).  The two simulations that overestimate the convergence are IPSL-CM5B-LR at 1.08 

mm day-1 and MRI-CGCM3 at 1.60 mm day-1.  The ensemble has the lowest RMSE at 2.57 

mm day-1, with the individual simulations ranging from 2.98 mm day-1 (e.g., IPSL-CM5A-

LR) to 5.70 mm day-1 (e.g., MRI-AGCM3-2S).  The ensemble again has the highest 

correlation at 0.80, and the simulations range from 0.34 (e.g., MIROC5) to 0.76 (e.g.,  
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Table 5.3.  Climatological statistics of horizontal advection in the Maritime Continent. 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 0.27 - - - 

ACCESS1-0 0.38 0.11 1.35 0.62 

bcc-csm1-1 0.62 0.35 1.22 0.55 

bcc-csm1-1-m 0.44 0.17 1.39 0.56 

BNU-ESM 0.32 0.04 2.09 0.61 

CanAM4 0.37 0.10 1.13 0.67 

CCSM4 0.24 -0.03 2.74 0.56 

CESM1-CAM5 0.19 -0.08 1.63 0.71 

CMCC-CM 0.42 0.14 1.07 0.67 

CNRM-CM5 0.39 0.12 1.45 0.62 

CSIRO-Mk3-6-0 0.28 0.01 1.91 0.66 

FGOALS-s2 0.56 0.29 1.73 0.63 

GFDL-HIRAM-C180 0.43 0.15 1.39 0.70 

GFDL-HIRAM-C360 0.32 0.05 1.55 0.72 

GISS-E2-R 0.36 0.09 1.37 0.63 

HadGEM2-A 0.38 0.11 1.29 0.58 

inmcm4 0.10 -0.17 1.95 0.54 

IPSL-CM5A-LR 0.03 -0.24 1.78 0.58 

IPSL-CM5A-MR 0.01 -0.26 1.78 0.54 

IPSL-CM5B-LR 0.34 0.07 1.52 0.54 

MIROC5 0.66 0.39 1.93 0.70 

MPI-ESM-LR 0.32 0.05 1.25 0.69 

MPI-ESM-MR 0.38 0.11 1.15 0.69 

MRI-AGCM3-2H 0.34 0.07 1.26 0.73 

MRI-AGCM3-2S 0.32 0.05 1.45 0.75 

MRI-CGCM3 0.32 0.05 1.42 0.53 

NorESM1-M 0.28 0.01 3.30 0.54 

Ensemble 0.34 0.07 1.25 0.75 

 

 

MRI-CGCM3).  Again, similar to previous terms, the overall RMSE values are larger and 

the correlation is lower compared to the convergence values in the tropics. 

All simulations, and the observations, underestimate the moisture budget in the 

Maritime Continent, which can be seen with the negative residual values in Table 5.5.  The 

average values range from -0.75 mm day-1 (e.g., inmcm4) to -2.46 mm day-1 (e.g., MRI-

CGCM3), with the residual of the observations at -1.97 mm day-1.  Overall, the residual  
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Table 5.4.  Climatological statistics of convergence in the Maritime Continent. 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations 4.27 - - - 

ACCESS1-0 2.24 -2.03 3.91 0.66 

bcc-csm1-1 3.36 -0.91 3.86 0.72 

bcc-csm1-1-m 2.98 -1.29 3.34 0.71 

BNU-ESM 3.72 -0.54 3.60 0.54 

CanAM4 3.56 -0.70 3.19 0.66 

CCSM4 3.66 -0.60 4.00 0.58 

CESM1-CAM5 3.62 -0.64 3.36 0.57 

CMCC-CM 3.91 -0.36 3.70 0.68 

CNRM-CM5 3.39 -0.87 4.47 0.55 

CSIRO-Mk3-6-0 3.39 -0.87 3.98 0.51 

FGOALS-s2 2.66 -1.61 4.12 0.61 

GFDL-HIRAM-C180 3.57 -0.70 3.99 0.60 

GFDL-HIRAM-C360 3.33 -0.93 4.95 0.45 

GISS-E2-R 3.65 -0.61 5.12 0.53 

HadGEM2-A 2.19 -2.07 3.71 0.66 

inmcm4 3.61 -0.66 3.86 0.60 

IPSL-CM5A-LR 4.20 -0.06 2.98 0.52 

IPSL-CM5A-MR 4.09 -0.18 3.06 0.45 

IPSL-CM5B-LR 5.35 1.08 4.13 0.74 

MIROC5 2.63 -1.64 5.18 0.34 

MPI-ESM-LR 3.65 -0.62 3.90 0.69 

MPI-ESM-MR 3.60 -0.66 3.21 0.72 

MRI-AGCM3-2H 4.11 -0.16 3.13 0.73 

MRI-AGCM3-2S 3.60 -0.67 5.70 0.56 

MRI-CGCM3 5.87 1.60 3.62 0.76 

NorESM1-M 4.17 -0.10 4.49 0.55 

Ensemble 3.62 -0.65 2.57 0.80 

 

 

values in the Maritime Continent are larger than that of the whole tropical region.  The 

simulations with greater residuals than the observations have an error ranging from -0.02 

mm day-1 (e.g., CMCC-CM) to -0.49 mm day-1 (e.g., MRI-CGCM3).  The majority of 

simulations have a smaller residual value, with error ranging from 0.07 mm day-1 (e.g., 

MIROC5) to 1.22 mm day-1 (e.g., inmcm4).  The ensemble RMSE ranges from 2.54 mm 

day-1, with the next closest simulation, bcc-csm1-1, at 2.55 mm day-1.  The largest RMSE  
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Table 5.5.  Climatological statistics of residual in the Maritime Continent. 

Simulation Average 
(mm day-1) 

Error 
(mm day-1) 

RMSE 
(mm day-1) 

Correlation 

Observations -1.97 - - - 

ACCESS1-0 -1.78 0.19 3.00 0.23 

bcc-csm1-1 -2.37 -0.40 2.55 0.39 

bcc-csm1-1-m -1.87 0.10 2.69 0.32 

BNU-ESM -1.46 0.52 3.13 0.30 

CanAM4 -1.72 0.26 2.56 0.34 

CCSM4 -1.45 0.52 3.82 0.32 

CESM1-CAM5 -1.29 0.69 2.73 0.34 

CMCC-CM -1.99 -0.02 2.87 0.32 

CNRM-CM5 -1.74 0.23 3.16 0.27 

CSIRO-Mk3-6-0 -1.35 0.63 3.08 0.30 

FGOALS-s2 -2.39 -0.41 3.15 0.36 

GFDL-HIRAM-C180 -1.73 0.24 3.40 0.22 

GFDL-HIRAM-C360 -1.33 0.65 3.67 0.18 

GISS-E2-R -1.78 0.20 3.11 0.20 

HadGEM2-A -1.77 0.20 3.02 0.22 

inmcm4 -0.75 1.22 3.28 0.25 

IPSL-CM5A-LR -1.26 0.71 2.91 0.27 

IPSL-CM5A-MR -1.07 0.90 3.00 0.25 

IPSL-CM5B-LR -2.34 -0.37 2.96 0.29 

MIROC5 -1.90 0.07 3.35 0.28 

MPI-ESM-LR -1.72 0.26 2.73 0.34 

MPI-ESM-MR -1.81 0.16 2.70 0.33 

MRI-AGCM3-2H -1.86 0.11 3.12 0.27 

MRI-AGCM3-2S -1.52 0.45 5.17 0.13 

MRI-CGCM3 -2.46 -0.49 2.84 0.32 

NorESM1-M -1.56 0.41 4.48 0.31 

Ensemble -1.70 0.27 2.54 0.38 

 

 

is 5.17 mm day-1 (e.g., MRI-AGCM3-2S).  The correlation of residual values ranges from 

0.13 (e.g., MRI-AGCM3-2S) to 0.39 (e.g., bcc-csm1-1), with the ensemble close behind at 

0.38. 

Overall, the ensemble of simulations tended to perform strongly within the 

Maritime Continent, having the highest correlation of the four major terms.  However, the 
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moisture budget proves to be a difficult region for simulations to estimate, demonstrating 

higher error and RMSE in all terms, and a lower correlation. 

 

5.2 Annual Cycle 

 

Similar to the global and tropical moisture budget analysis, an examination of the 

annual variability follows.  The variation in the monthly means can show an overall 

seasonal trend within the Maritime Continent, and the perturbation from the average 

monthly mean can further emphasize these cycles. 

 

5.2.1 Comparison of the Monthly Means 

 

The time mean moisture budget, with the residual recalculated to include the 

moisture tendency, is displayed in Figure 5.2.  While the tropical precipitation (Fig. 3.6a) 

revealed a peak beginning in April and running until October, the Maritime Continent (Fig. 

5.2a) has a notable trough running from January to May, then a peak that tappers out 

through to December.  The monthly evaporation pattern in the Maritime Continent (Fig. 

5.2b) is similar to that of the tropics (Fig. 3.6b), though the peak and trough pattern is 

overall greater.  Unlike the tropics, the simulations of moisture advection in the Maritime 

Continent (Fig. 5.2c) all follow a similar pattern, which closely match the evaporation.  

Similarly, the convergence (Fig. 5.2d) matches the precipitation in pattern.  The moisture 

tendency (Fig. 5.2e) has greater values than the tropical moisture tendency (Fig. 3.6e) and  
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(a) (b)  

(c) (d)  

(e) (f)  

 

 

Figure 5.2.  Monthly means of the moisture budget, over the Maritime Continent. 
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(a) (b)  

(c) (d)  

(e) (f)  

 

 

 

 

Figure 5.3. Monthly mean perturbations of the moisture budget, over the Maritime Continent. 
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greater variation within the simulations.  The simulations residuals (Fig. 5.2f), although 

larger in value than that of the tropics, are closer to the observations. 

 

5.2.2 Comparison of the Monthly Perturbations 

 

The perturbations for the moisture budget terms are found in Figure 5.3.  

Precipitation (Fig. 5.3a) and convergence (Fig. 5.3d) are the two terms that deviate from 

the mean the most.  The two plots are strikingly similar, noting how closely precipitation 

and convergence are tied together.  There is a similar pattern between the evaporation (Fig. 

5.3b) and advection (Fig. 5.3c), with similar values as well, indicating evaporation and 

advection are linked.  The moisture tendency (Fig. 5.3e) shows a very small deviation from 

the mean, which is expected due to the fact that the moisture tendency is reduced to nearly 

0 when averaged over the entire year.  The residual values (Fig. 5.3f) deviate from the 

mean as much as -2.0 mm day-1. 

 

5.3 The Moist Static Energy Budget 

 

To begin examining the moist static energy budget, the spatial structure of the 

terms over the Maritime Continent are displayed in Figure 5.4, using the same most and 

least successful simulations at estimating the MSE from Chapter 4 (e.g., MPI-ESM-LR and 

inmcm4, respectively).  The advection terms (Fig. 5.4a, f, Fig. 5.4 contd. a, f) vary little 

over the Maritime Continent, however the two simulations and the ensemble show a larger 

positive advection area over the South China Sea, Vietnam, Laos, Cambodia, and Thailand.   
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Figure 5.4.  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure 5.4 (contd).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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There is also positive advection over the Banda, Arafura, and Timor Seas, though it is 

stronger in the observations.  The convergence (Fig. 5.4b, g, Fig. 5.4 contd. b, g) is 

primarily positive over the mainland Asian peninsula, with the exception of inmcm4 which 

displays a far weaker amount of convergence in the area.  The observations show a greater 

net loss of total radiation (Fig. 5.4c) from the South China Sea, over the Philippines and 

Philippine Sea, and out to the Pacific Ocean than any of the simulations, though both the 

observations and simulations display a lessening of outgoing radiation through the central 

part of the region stretching from 5°S to 5°N.  There is consistently less heat flux (Fig. 

5.4d, i, Fig. 5.4 contd. d, i) within the same region.  There is a notable difference is within 

the residuals (Fig. 5.4e, j, Fig. 5.4 contd. e, j).  Comparatively, the residual of the 

observations is relatively low throughout the region.  The ensemble and the two 

simulations both show a large negative spike in residual over the South China Sea.  It is 

also notable that the residual tends to be larger over the islands as opposed to the major 

ocean regions. 

 

5.3.1 Statistics of the Moist Static Energy Budget 

 

Table 5.6 displays the average horizontal advection of the MSE, the error, RMSE, and 

correlation with the observations.  With the exception of two simulations, and unlike the 

tropical region overall, the horizontal MSE advection is positive, with average values 

ranging from 1.1 W m-2 (e.g., inmcm4) to 13.3 W m-2 (e.g., FGOALS-s2, MIROC5) with 

observations at 2.8 W m-2.  The negative advection within two simulations (e.g., IPSL-

CM5A-LR at -4.3 W m-2 and IPSL-CM5A-MR at -3.6 W m-2) indicates an overall 

reduction of the MSE in the area.  The majority of the simulations overestimate the  
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Table 5.6.  Climatological statistics of MSE advection in the Maritime Continent. 

Simulation Average 
(W m-2) 

Error 
(W m-2) 

RMSE 
(W m-2) 

Correlation 

Observations 2.8 - - - 

ACCESS1-0 8.7 5.9 31.9 0.74 

bcc-csm1-1 11.7 8.9 38.9 0.44 

bcc-csm1-1-m 7.5 4.7 39.6 0.52 

BNU-ESM 5.8 3.0 65.8 0.51 

CanAM4 7.9 5.1 29.4 0.65 

CCSM4 4.7 1.9 87.7 0.41 

CESM1-CAM5 3.1 0.2 49.4 0.63 

CMCC-CM 8.3 5.5 28.3 0.66 

CNRM-CM5 9.7 6.9 41.2 0.61 

CSIRO-Mk3-6-0 4.8 2.0 57.5 0.58 

FGOALS-s2 13.3 10.5 57.5 0.49 

GFDL-HIRAM-C180 9.7 6.9 39.6 0.71 

GFDL-HIRAM-C360 6.8 4.0 44.2 0.73 

GISS-E2-R 8.9 6.1 39.0 0.63 

HadGEM2-A 8.5 5.7 29.3 0.71 

inmcm4 1.1 -1.7 51.7 0.53 

IPSL-CM5A-LR -4.3 -7.1 53.7 0.54 

IPSL-CM5A-MR -3.6 -6.5 49.2 0.54 

IPSL-CM5B-LR 5.5 2.7 49.3 0.48 

MIROC5 13.3 10.5 58.5 0.62 

MPI-ESM-LR 6.6 3.8 36.9 0.69 

MPI-ESM-MR 7.8 5.0 34.1 0.70 

MRI-AGCM3-2H 6.8 3.9 33.1 0.75 

MRI-AGCM3-2S 5.7 2.9 38.5 0.78 

MRI-CGCM3 6.2 3.3 40.4 0.52 

NorESM1-M 5.5 2.7 105.3 0.35 

Ensemble 6.5 3.7 35.8 0.74 

 

 

horizontal advection with error ranging from 0.2 W m-2 (e.g., CESM1-CAM5) to 10.5 W 

m-2 (e.g., FGOALS-s2, MIROC5).  The simulations that underestimate the advection have 

an error ranging from -1.7 W m-2 (e.g., inmcm4) to -7.1 W m-2 (IPSL-CM5A-LR).  Similar 

to the tropical analysis, the RMSE is relatively high, ranging from 28.3 W m-2 (e.g., 

CMCC- CM) to 105.3 W m-2 (e.g., NorESM1-M).  The correlation with the observations 

ranges from as low as 0.35 (e.g., NorESM1-M) to as high as 0.78 (e.g., MRI-AGCM3-2S).  
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Twenty-two simulations (including the ensemble) have a correlation greater than 0.50, 

eight (including the ensemble) are at or greater than 0.70.  This indicates that there is still 

some spatial pattern matching, despite the high error and RMSE.  Compared to the tropical 

region, the accuracy of the Maritime Continent is better, with lower errors and RMSE.  

However, the lower correlation indicates the spatial pattern of the MSE advection may not 

align well between the simulations and observations. 

The average MSE convergence (Table 5.7) ranges from -1.2 W m-2 (e.g., 

observations, CNRM-CM5) to -28.2 W m-2 (e.g., CanAM4), contrary to the overall 

positive MSE convergence in the larger tropical region.  In this case, all but one simulation 

(e.g., bcc-csm1 with a value of 4.7 W m-2) overestimates the divergence of the MSE, with 

error ranging from -1.4 (e.g., CNRM-CM5) to -32.5 W m-2 (e.g., NorESM1-M).  The 

RMSE, once again quite large in value, ranges from 23.0 (e.g., CNRM-CM5) to 53.1 W  

m-2 (e.g. NorESM1-M).  The correlation ranges from as little as 0.16 (e.g., GISS-E2-R) to 

as high as 0.57 (e.g., CanAM4).  The error tends to be larger for the convergence in the 

Maritime Continent and the correlation lower, compared to the tropics. 

Moving on to the total radiation (Table 5.8), there is again a net loss of energy as 

all values are negative.  The average value of the observations is -114.4 W m-2.  The 

simulations range from -78.6 W m-2 (e.g., MRI-CGCM3) to -111.0 W m-2 (e.g., inmcm4).  

Only one simulation, inmcm4, overestimates the loss of radiation with an error of -2.4 W 

m-2.  The remaining simulations underestimate the loss, with error ranging from 6.1 W m-2 

(e.g., GISS-E2-R) to 50.1 W m-2 (e.g., NorESM1-M).  The RMSE ranges from 14.7 W m-2 

(e.g., HadGEM2-A) to 51.8 W m-2 (e.g., NorESM1-M).  The correlation ranges from 0.60 

(e.g., IPSL-CM5A-LR) to as high as 0.87 (e.g., bcc-csm1-1).  The ensemble follows 

closely at 0.86.  The simulations are not as successful at estimating the radiation within the  



94 
Table 5.7.  Climatological statistics of MSE convergence in the Maritime Continent. 

Simulation Average 
(W m-2) 

Error 
(W m-2) 

RMSE 
(W m-2) 

Correlation 

Observations -1.2 - - - 

ACCESS1-0 -7.8 -6.5 25.7 0.52 

bcc-csm1-1 -3.6 -2.4 26.9 0.40 

bcc-csm1-1-m -11.8 -10.6 28.1 0.43 

BNU-ESM -16.9 -15.6 41.9 0.32 

CanAM4 -28.2 -27.0 48.6 0.57 

CCSM4 -21.3 -20.0 49.3 0.37 

CESM1-CAM5 -17.4 -16.2 40.6 0.41 

CMCC-CM -15.4 -14.2 33.9 0.49 

CNRM-CM5 -1.2 0.0 23.0 0.40 

CSIRO-Mk3-6-0 -12.9 -11.6 35.4 0.36 

FGOALS-s2 -10.7 -9.5 29.1 0.51 

GFDL-HIRAM-C180 -13.9 -12.6 34.9 0.46 

GFDL-HIRAM-C360 -13.8 -12.6 43.4 0.28 

GISS-E2-R -20.6 -19.4 49.9 0.16 

HadGEM2-A -8.3 -7.1 25.2 0.51 

inmcm4 -24.2 -23.0 28.7 0.44 

IPSL-CM5A-LR -24.4 -23.2 39.4 0.42 

IPSL-CM5A-MR -22.0 -20.8 33.3 0.40 

IPSL-CM5B-LR -18.4 -17.2 30.0 0.51 

MIROC5 -12.4 -11.2 34.8 0.43 

MPI-ESM-LR -11.2 -10.0 28.2 0.54 

MPI-ESM-MR -10.6 -9.4 24.6 0.52 

MRI-AGCM3-2H -20.0 -18.8 40.2 0.45 

MRI-AGCM3-2S -19.0 -17.7 47.1 0.30 

MRI-CGCM3 -25.0 -23.7 38.1 0.48 

NorESM1-M -23.9 -22.7 53.1 0.35 

Ensemble -16.0 -14.7 28.2 0.54 

 

 

Maritime Continent as they were in the whole of the tropics.  The errors and RMSEs tend 

to be larger, and the correlations lower.  

Table 5.9 displays the average total heat flux, which is the sensible plus latent heat 

surface fluxes.  The observation values are 135.1 W m-2, with the simulations ranging from 

131.0 W m-2 (e.g., CSIRO-Mk3-6-0) to 171.0 W m-2 (e.g., inmcm4).  Three simulations 

underestimate the total heat flux (e.g., CSIRO-Mk3-6-0, GFDL-HIRAM-C360, IPSL- 
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Table 5.8.  Climatological statistics of total radiation in the Maritime Continent. 

Simulation Average 
(W m-2) 

Error 
(W m-2) 

RMSE 
(W m-2) 

Correlation 

Observations -114.4 - - - 

ACCESS1-0 -105.6 8.9 15.9 0.73 

bcc-csm1-1 -94.4 20.0 19.8 0.87 

bcc-csm1-1-m -87.7 26.8 27.1 0.80 

BNU-ESM -88.7 25.7 33.1 0.78 

CanAM4 -85.9 28.5 34.1 0.71 

CCSM4 -87.4 27.1 40.5 0.76 

CESM1-CAM5 -94.1 20.3 24.4 0.80 

CMCC-CM -90.0 24.4 28.8 0.79 

CNRM-CM5 -95.5 18.9 22.3 0.77 

CSIRO-Mk3-6-0 -91.7 22.7 35.9 0.75 

FGOALS-s2 -107.5 6.9 15.1 0.84 

GFDL-HIRAM-C180 -90.5 23.9 26.5 0.80 

GFDL-HIRAM-C360 -93.1 21.3 27.3 0.80 

GISS-E2-R -107.9 6.5 20.0 0.67 

HadGEM2-A -104.7 9.7 14.7 0.74 

inmcm4 -111.0 3.4 15.7 0.67 

IPSL-CM5A-LR -86.4 28.1 39.3 0.60 

IPSL-CM5A-MR -89.1 25.3 34.5 0.63 

IPSL-CM5B-LR -82.6 31.8 36.8 0.77 

MIROC5 -98.4 16.0 27.4 0.62 

MPI-ESM-LR -97.2 17.2 24.7 0.83 

MPI-ESM-MR -101.1 13.4 19.0 0.86 

MRI-AGCM3-2H -87.3 27.2 28.0 0.84 

MRI-AGCM3-2S -91.3 23.1 23.6 0.86 

MRI-CGCM3 -78.6 35.8 28.2 0.83 

NorESM1-M -79.0 35.4 51.8 0.74 

Ensemble -93.3 21.1 24.7 0.86 

 

 

CM5A-MR) with error ranging from -1.3 W m-2 to -4.1 W m-2.  The error for the 

simulations that overestimate the heat flux range from 0.1 W m-2 (e.g., GFDL-HIRAM-

C180) to 35.9 W m-2 (e.g., inmcm4).  The ensemble has the lowest RMSE at 20.2 W m-2.  

The next closest simulation is CanAM4 at 21.7 W m-2, with the other simulations ranging 

up to 57.1 W m-2 (e.g., NorESM1-M).  The correlation ranges from 0.56 (e.g., inmcm4) to 

0.83 (e.g., MPI-ESM-MR) with the ensemble having the highest correlation at 0.86.   
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Table 5.9.  Climatological statistics of heat flux in the Maritime Continent. 

Simulation Average 
(W m-2) 

Error 
(W m-2) 

RMSE 
(W m-2) 

Correlation 

Observations 135.1 - - - 

ACCESS1-0 145.8 10.7 29.3 0.76 

bcc-csm1-1 147.3 12.3 25.6 0.79 

bcc-csm1-1-m 140.0 5.0 26.7 0.76 

BNU-ESM 135.3 0.2 27.6 0.74 

CanAM4 142.5 7.4 21.7 0.80 

CCSM4 138.3 3.2 53.8 0.68 

CESM1-CAM5 135.6 0.5 27.4 0.79 

CMCC-CM 148.0 12.9 25.1 0.73 

CNRM-CM5 136.8 1.7 23.2 0.76 

CSIRO-Mk3-6-0 131.0 -4.1 38.0 0.69 

FGOALS-s2 162.7 27.6 46.9 0.73 

GFDL-HIRAM-C180 135.2 0.1 24.3 0.81 

GFDL-HIRAM-C360 131.6 -3.5 22.9 0.78 

GISS-E2-R 159.9 24.8 26.7 0.72 

HadGEM2-A 146.1 11.0 28.8 0.75 

inmcm4 171.0 35.9 49.8 0.56 

IPSL-CM5A-LR 136.6 1.6 24.4 0.73 

IPSL-CM5A-MR 133.7 -1.3 27.6 0.68 

IPSL-CM5B-LR 147.5 12.4 26.6 0.82 

MIROC5 143.1 8.0 41.8 0.71 

MPI-ESM-LR 146.5 11.5 29.4 0.82 

MPI-ESM-MR 149.8 14.7 26.7 0.83 

MRI-AGCM3-2H 138.8 3.7 23.7 0.77 

MRI-AGCM3-2S 140.5 5.5 25.0 0.76 

MRI-CGCM3 148.6 13.5 29.1 0.76 

NorESM1-M 136.0 0.9 57.1 0.68 

Ensemble 143.4 8.3 20.2 0.86 

 

 

Similar to the radiation, the simulations do not perform as well within the Maritime 

Continent compared to the tropics as a whole. 

The residual values (Table 5.10) range from -19.0 W m-2 (e.g., IPSL-CM5A-MR) 

to -61.0 W m-2 (e.g., bcc-csm1-1) with the observations at -22.2 W m-2.  Two simulations 

have a smaller residual value than the observations, resulting in an errors of 0.6 W m-2 

(e.g., IPSL-CM5A-LR) and 3.3 W m-2 (e.g., IPSL-CM5A-MR).  The rest of the  
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Table 5.10.  Climatological statistics of the MSE residual in the Maritime Continent. 

Simulation Average 
(W m-2) 

Error 
(W m-2) 

RMSE 
(W m-2) 

Correlation 

Observations -22.2 - - - 

ACCESS1-0 -41.2 -18.9 52.9 0.54 

bcc-csm1-1 -61.0 -38.8 62.0 0.34 

bcc-csm1-1-m -48.1 -25.8 66.6 0.39 

BNU-ESM -35.5 -13.2 93.7 0.44 

CanAM4 -36.2 -14.0 40.9 0.65 

CCSM4 -34.4 -12.1 133.3 0.39 

CESM1-CAM5 -27.1 -4.9 59.1 0.60 

CMCC-CM -50.8 -28.6 48.2 0.59 

CNRM-CM5 -49.7 -27.5 58.3 0.53 

CSIRO-Mk3-6-0 -31.2 -9.0 85.6 0.47 

FGOALS-s2 -57.8 -35.6 100.9 0.49 

GFDL-HIRAM-C180 -40.5 -18.3 67.1 0.56 

GFDL-HIRAM-C360 -31.5 -9.2 66.8 0.52 

GISS-E2-R -40.2 -18.0 65.7 0.48 

HadGEM2-A -41.6 -19.3 51.6 0.51 

inmcm4 -36.9 -14.7 70.3 0.48 

IPSL-CM5A-LR -21.6 0.6 62.7 0.45 

IPSL-CM5A-MR -19.0 3.3 61.5 0.46 

IPSL-CM5B-LR -52.0 -29.8 68.0 0.46 

MIROC5 -45.6 -23.3 94.7 0.57 

MPI-ESM-LR -44.7 -22.5 60.6 0.62 

MPI-ESM-MR -46.0 -23.7 59.0 0.62 

MRI-AGCM3-2H -38.3 -16.0 58.0 0.61 

MRI-AGCM3-2S -36.0 -13.8 68.8 0.55 

MRI-CGCM3 -51.1 -28.9 59.2 0.52 

NorESM1-M -38.6 -16.4 161.6 0.36 

Ensemble -40.6 -18.4 55.2 0.65 

 

 

simulations have an error ranging from -4.9 W m-2 (e.g., CESM1-CAM5) to -38.8 W m-2 

(e.g., bcc-csm1-1).  The RMSE ranges from 40.9 W m-2 (e.g., CanAM4) to 161.6 W m-2 

(e.g., NorESM1-M).  The correlation ranges from 0.34 (e.g., bcc-csm1-1) to 0.65 (e.g., 

ensemble, CanAM4).  Although the residual values tend to be less within the Maritime 

Continent than the tropical region, the error tends to be higher and the correlation lower. 
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There is no clear successful simulation within the Maritime Continent.  All terms 

have relatively large errors, compared to their mean values, and large RMSEs.  The large 

RMSE likely indicates a phase difference in the terms.  The higher correlation for some 

simulations on most terms still indicates a reasonable spatial pattern match between the 

observations and the simulations. 

 

5.4 Annual Cycle  

 

Examining the annual cycle of the MSE budget terms in the Maritime Continent 

will reveal any seasonal or interannual patterns of the MSE over this complex region.  A 

closer examination of the perturbation from the mean will allow a closer inspection of 

seasonal trends. 

 

5.4.1 Comparison of the Monthly Means 

 

The monthly MSE budget means are displayed in Figure 5.5.  The advection in the 

tropics (Fig. 4.2a) was predominantly negative throughout the year, only becoming 

positive between June and September.  Within the Maritime Continent specifically, the 

advection (Fig. 5.5a) is predominantly positive throughout the year.  Three notable 

simulations (e.g., inmcm4, IPSL-CM5A-LR, IPSL-CM5A-MR) are negative throughout 

the majority of the year.  The convergence within the tropics was well defined (Fig. 4.2b), 

with a notable sinusoidal pattern that peaked in January and July, and troughed in April 

and November, and was positive throughout the year.  Within the Maritime Continent, 
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however, the MSE convergence (Fig. 5.5b) is predominantly negative, with the majority of 

the simulations estimating far greater negative values, or divergence, within the area than 

the observations.  Although the amplitudes of the peaks and troughs are different from that 

of the tropics, the radiation and heat flux (Fig. 5.5c, d) follow the same overall pattern as 

that of the tropical region (Fig. 4.2c, d).  A notable difference is in the radiation data, where 

in the tropics the trough, or greater loss of radiation, was in June, and the greatest retention 

was in February.  Within the Maritime Continent, the greatest loss of radiation occurs in 

April with a similar loss occurring again in December, and the largest retention of radiation 

occurring in August.  Although both regions have troughs in April and October, and peaks 

in December/January and July, the lowest input of heat flux entering the system in the 

Maritime Continent occurs in April, and within the larger tropical region it occurs in 

October.  The values of the MSE tendency (Fig. 5.5e) are larger than that of the tropics, but 

they resemble the same pattern.  The monthly residual in the Maritime Continent (Fig. 

5.5f) varies far greater than the residual in the tropics (Fig. 4.2f), however the residual in 

the tropics tends to stay within a fluctuation of roughly 20 W m-2 for the observations and 

simulations, but in the Maritime Continent the residual can fluctuate as much as 80 W m-2.  

The residual appears statistically less in the Maritime Continent (Table 5.10) than the 

tropical region (Table 4.5) when averaged over the year, but it is clear from the monthly 

plot that these lower numbers are due to the averaging. 

 

5.4.2 Comparison of the Monthly Perturbations 

 

The monthly perturbations from the mean are displayed in Figure 5.6.  The 

perturbation of all the terms is relatively large.  This indicates that the region fluctuates  



100 

(a) (b)  

(c) (d)  

(e) (f)   

 

 

Figure 5.5.  Monthly means of the MSE tendency, advection, convergence, and residual over the 

Maritime Continent. 
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(a) (b)  

(c) (d)  

(e) (f)  

 

 

 

 

 

Figure 5.6.  Monthly means of the total radiation and sensible plus latent heat, over 

the Maritime Continent. 
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greatly from month to month and season to season.  By comparing the perturbations of 

advection (Fig. 5.6a) and convergence (Fig. 5.6b) a complex relationship can begin to be 

seen.  The convergence peaks after the advection begins to decline, or transport less MSE 

into the area.  Soon after, convergence declines and troughs approximately four months 

after the advection begins to transport more MSE into the area.  Because radiation is 

negative, indicating an overall loss, when the perturbation (Fig. 5.6c) peaks it is indicating 

when the least amount of radiation is leaving the atmosphere.  This occurs between June 

and October, which corresponds with the monthly plots (Fig. 5.5c).  The majority of the 

simulations fall close to the observations within the heat flux perturbations (Fig. 5.6d), 

though some simulations have a far greater perturbation in the beginning and ending 

months of the year.  There is greater agreement between simulations within the 

perturbations of MSE tendency (5.6e) and for most of the simulations in the residual 

perturbations (5.6f), although there are again some outlying simulations. 

 

5.5 Discussion 

 

The Maritime Continent is a difficult location to simulate the atmosphere above 

due to its complex island topography.  Overall, the Maritime Continent has far greater 

precipitation than the average over the whole tropical region, with the majority of 

simulations underestimating it.  However, simulations struggled with accuracy, resulting in 

large RMSE values and lower correlations.  The observations showed a heavy area of 

precipitation over the Indian Ocean, but the example simulations had very little.  Instead, 

the simulations had a larger amount of precipitation over Papua New Guinea.  The 
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correlation between precipitation and convergence was still apparent, particularly in the 

observations, and could be seen ever more so when the monthly means and perturbations 

were observed.  Similar to the tropics, convergence was all positive, but overall larger 

when averaged over the smaller area.  The annual mean evaporation in the Maritime 

Continent was only slightly larger than the overall tropics, but most simulations 

overestimated it within the Maritime Continent.  Advection was also larger, and all 

simulations displayed a positive annual mean.  Examining the monthly plots provided a 

close match in pattern between evaporation and advection.  Within the visual 

representation of the annual mean, the residual values appeared connected to the 

convergence within the observations.  The representative simulation MIROC5, however, 

did not appear to have a close connection between precipitation and convergence, but its 

residual appeared to more closely match the precipitation and advection terms. 

The Moist Static Energy budget proved very difficult to accurately simulate within 

the Maritime Continent.  The MSE advection annual mean was positive, unlike the tropical 

region in general, however the majority of simulations overestimated it.  Compared to the 

tropics, the Maritime Continent MSE advection displayed lower error and RMSE.  There is 

a large positive region, indicating a transport of MSE into the area, over the South China 

Sea and the Asian peninsula.  It was also positive over the Banda, Arafura, and Timor 

Seas.  The MSE convergence was predominantly negative in the region, except for a 

positive area over the Asian peninsula.  Examining the monthly means, the tropical region 

had only positive MSE advection, but the Maritime Continent had predominantly negative.  

The total radiation and heat flux displayed larger error and RMSE than the tropics, and a 

lower correlation.  The monthly means and perturbations were very similar to the tropics, 

however the heat flux, which displayed two low points throughout the year, was at its 
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lowest in October in the tropics and April in the Maritime Continent.  Peaks in the heat 

flux both occurred in July.  The MSE tendency had larger values in the Maritime 

Continent, but resembled the pattern displayed in the tropics.  Although the annual mean 

residual values appear less in the Maritime Continent than in the tropics, it should be noted 

that the error is higher.  It also tended to be larger over islands.  Finally, examining the 

perturbation plots revealed that all terms fluctuated greatly from their means from month to 

month and season to season.  A finer time scale could be used to examine this fluctuation 

further. 
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Chapter 6 

Summary and Conclusion 

 

The moisture budget and moist static energy budget were analyzed from 26 

different AMIP II simulations, including an ensemble of simulations, and observational 

data from CMAP and NCEP-DOE R2. When examining the global precipitation, it became 

clear that an ensemble of simulations best estimated the observations, with the exception of 

lesser overall precipitation over the Indian Ocean, and a larger spike of precipitation over 

the area where Panama meets South America.  All of the simulations displayed major 

precipitation patterns, such as the ITCZ and the Indian Monsoon region, however some 

simulations had weaker precipitation over the Indian Ocean, and large spikes in the 

northwestern part of South America, which leads to the resulting discrepancies in the 

ensemble.  This can be seen in other studies, where simulations and reanalyses could less 

reliably estimate precipitation extremes in the tropical region (Kharin et al., 2005).  The 

simulations also relatively accurately represented the latitudinal distribution of the yearly 

mean precipitation, with peaks on either side of the equator (the Northern Hemisphere peak 

being far greater), the approximate 20° to 30° troughs, the mid latitude peaks, and the 

tapering at the poles.  Examining the annual cycle in various regions revealed that the 

simulations were fairly consistent in representing the observations over the globe and over   
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the larger tropical region (30°S to 30°N), but began to differ as the area was reduced to 

10°S to 10°N, and differed even further when looking at the Southern or Northern 

Hemisphere separately (15°S to 0° and 0° to 15°N, respectively).  Ultimately, all of the 

simulations overestimated the global precipitation, though they had a high correlation, 

indicating a fairly successful spatial pattern comparison. 

The major source (evaporation) and sink (precipitation) of the moisture budget 

were examined and revealed similar patterns among the simulations and observations.  

Many of the simulations were very similar to the observations, with only a few showing a 

larger dominance of precipitation or evaporation.  Within the annual cycle and the 

perturbations of the moisture budget terms, it could be seen that the observations had the 

highest residual value, which is to be expected due to the data coming from different 

sources.  The residual also fluctuated much more from the mean value than the 

simulations, indicating a likelihood the residual is tied to seasonal variations. 

Similar to the results found by Kharin et al. (2005) in the tropics, and Feng et al. 

(2014) in a slightly different nearby region, the ensemble of simulations was the best 

representation of observational precipitation in the tropics.  It also proved to be the best 

representation for the other terms in the moisture budget.  Focusing on this region proved 

that the convergence, or vertical advection, closely mirrors the precipitation.  Back and 

Bretherton (2005) also noted a strong correlation between simulation precipitation and 

vertical advection, likely due to the relationship they discussed between high wind speed in 

heavy moisture regions being closely linked to precipitation increases.  It could also be 

seen that the residual of the observations tended to be greater in regions with high 

convergence.  Similar to global means, the majority of the simulations overestimated the 
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precipitation in the tropics, but they all correlate well spatially.  The majority of the 

simulations also underestimated the evaporation in the region.  Although convergence was 

overall positive, and again underestimated, the advection proved much more difficult to 

simulate, with some simulations having predominantly positive advection and some 

predominantly negative.  The residual value for the observations was large in comparison 

to the simulations, and therefore skewed the error, RMSE and correlation between the 

simulations and the observations.  Examining the annual cycle reveals similar results. 

The MSE budget for the tropical region has five major terms: the advection, 

convergence, total radiation, total heat flux, and the residual.  Although the advection of 

the moist static energy is predominantly negative, there are notable areas of positive 

advection, such as off the coast of South America near the eastern end of the ITCZ and 

over the Maritime Continent.  Convergence is predominantly positive throughout the 

tropical region, and is only negative over ocean regions.  The radiation total, which 

combines shortwave and longwave radiation, shows lesser outgoing values over regions 

that showed high precipitation and moisture convergence in the moisture budget.  Heat 

flux, which includes sensible and latent heat fluxes, shows lesser values near the ITCZ and 

Indian Ocean.  This implies less heat radiating into the air from the surface, and less 

evaporation, which correlates with these regions being known to have high moisture 

convergence and precipitation. 

Statistically, higher RMSE values in the MSE budget could indicate a phase shift 

between the simulations and observations.  This is consistent through all of the MSE terms.  

The MSE convergence was found to be consistently underestimated among the 

simulations.  Considering the size of the relative values, the total radiation and heat flux 
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errors were not unreasonable, and their correlations still indicated a reasonable match with 

spatial pattern between the simulations and observations.  However, the residual values 

were large, which suggests the two larger terms, radiation and heat flux, may be the 

primary sources of error.  This is likely caused by clouds affecting radiation data and 

surface winds affecting heat flux data, which are noted by Back and Bretherton (2005).  

Kiranmayi and Maloney (2011) derived a large residual value as well, although it was in 

relation to the Madden-Julian Oscillation.  They hypothesised that within the reanalysis 

data there may have been a missing or misrepresented MSE recharge process.  Considering 

the simulations also resulted in large residual values, there may be errors within the 

calculation, or something missing from the MSE budget equation itself. 

The monthly plots of the MSE budget show some similarities with the moisture 

budget.  Two simulations show a similar trough in MSE advection to moisture budget 

advection (e.g., IPSL-CM5B-LR, MRI-CGCM3).  Within the advection perturbations, a 

large peak occurred as the advection shifted from predominantly negative values to 

positive values between June and September.  There appears to be a systematic error within 

the convergence and total radiation as all simulations have very similar perturbations from 

their means.  Within the total heat flux, some models appear seasonally out of phase from 

the observations.  One simulation (e.g., inmcm4) was set apart from the others by 

underestimating the MSE convergence and total radiation greater than the other 

simulations.  Likewise, the same model overestimated the total heat flux greater than the 

others.  Although the residual value of the observations is less than that of the simulations, 

it shows a far greater perturbation from its mean, suggesting the residual is tied into 

seasonal variations. 
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The Maritime Continent is a difficult location to simulate the atmosphere above 

due to its complex island topography.  Overall, the Maritime Continent has far greater 

precipitation than the average over the whole tropical region, with the majority of 

simulations underestimating it.  However, simulations struggled with accuracy, resulting in 

large RMSE values and lower correlations.  The observations showed a heavy area of 

precipitation over the Indian Ocean, but the example simulations had very little.  Instead, 

the simulations had a larger amount of precipitation over Papua New Guinea.  The 

correlation between precipitation and convergence was still apparent, particularly in the 

observations, and could be seen ever more so when the monthly means and perturbations 

were observed.  Similar to the tropics, convergence was all positive, but overall larger 

when averaged over the smaller area.  The annual mean evaporation in the Maritime 

Continent was only slightly larger than the overall tropics, but most simulations 

overestimated it within the Maritime Continent.  Advection was also larger, and all 

simulations displayed a positive annual mean.  Examining the monthly plots provided a 

close match in pattern between evaporation and advection.  Within the visual 

representation of the annual mean, the residual values appeared connected to the 

convergence within the observations.  The representative simulation MIROC5, however, 

did not appear to have a close connection between precipitation and convergence, but its 

residual appeared to more closely match the precipitation and advection terms. 

The Moist Static Energy budget proved very difficult to accurately simulate within 

the Maritime Continent.  The MSE advection annual mean was positive, unlike the tropical 

region in general, however the majority of simulations overestimated it.  Compared to the 

tropics, the Maritime Continent MSE advection displayed lower error and RMSE.  There is 
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a large positive region, indicating a transport of MSE into the area, over the South China 

Sea and the Asian peninsula.  It was also positive over the Banda, Arafura, and Timor 

Seas.  The MSE convergence was predominantly negative in the region, except for a 

positive area over the Asian peninsula.  Examining the monthly means, the tropical region 

had only positive MSE advection, but the Maritime Continent had predominantly negative.  

The total radiation and heat flux displayed larger error and RMSE than the tropics, and a 

lower correlation.  The monthly means and perturbations were very similar to the tropics, 

however the heat flux, which displayed two low points throughout the year, was at its 

lowest in October in the tropics and April in the Maritime Continent.  Peaks in the heat 

flux both occurred in July.  The MSE tendency had larger values in the Maritime 

Continent, but resembled the pattern displayed in the tropics.  Although the annual mean 

residual values appear less in the Maritime Continent than in the tropics, it should be noted 

that the error is higher.  It also tended to be larger over islands.  Finally, examining the 

perturbation plots revealed that all terms fluctuated greatly from their means from month to 

month and season to season.  A finer time scale could be used to examine this fluctuation 

further. 
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Appendix A 

Chapter 3 

 

This appendix contains the chart used to identify the simulations throughout this 

study (Fig. A.1) and moisture budget plots for the observations, ensemble, and each 

simulation (Fig. A.2).  The observations and all simulations represent the ITCZ and the 

Indian Monsoon.  Some simulations underestimate these regions and some overestimate 

them.  All simulations show that the primary source of evaporation is the ocean.  Moisture 

advection is relatively small throughout the tropical region, but convergence is higher in 

areas of heavy precipitation.  This relationship can be seen clearly in most simulations.  

Residual values tend to spike primarily over ocean regions, often aligning with the ITCZ.  

Another region that often demonstrates higher residual values is over the Indian Ocean, 

from the eastern South African coast, north of Madagascar, to the western Australian coast. 
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Figure A.1.  A list of identifying lines for each simulation, the ensemble of simulations, 

and the observations, used throughout this work. 
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Figure A.2.  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 



120 

 

 

Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 



129 

 

 

Figure A.2 (contd.).  Tropical Mean Moisture Budget terms in mm day-1. 
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Appendix B 

Chapter 4 

 

Figure B.1 represents the MSE budget over the tropical region for all simulations 

and observations.  The MSE advection is often positive over the Indian Ocean and 

Maritime Continent, as well as off the northwestern coast of South America.  The MSE 

convergence is predominantly positive in the tropics, though negative over the Indian 

Ocean, through the Maritime Continent, and over the western side of the Pacific Ocean.  

The total radiation, which combines shortwave and longwave radiation, is negative, 

indicating a net loss of radiation.  Within the observations and the simulations, there is a 

reduced amount of outgoing radiation over the equator near the ITCZ and the Indian 

Ocean.  Similarly, the total surface heat flux, which combines surface latent and sensible 

heat fluxes, displays a pattern similar to the total radiation.  There is reduced surface heat 

flux through the ITCZ region, primarily close to South America, though also somewhat 

through the Indian Ocean and Maritime Continent.  The MSE budget residual appears to be 

smaller over heavy precipitation regions, and is often positive near or just below the ITCZ.  



131 

 

 

 

 

Figure B.1.  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 



137 

 

 

Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Figure B.1 (contd.).  Tropical Mean Moist Static Energy Budget terms in W m-2. 
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Appendix C 

Chapter 5 

 

Figure C.1 represents the annual mean moisture budget for the observations and all 

simulations.  It can be seen that precipitation is typically heavy over the Indian and Pacific 

Ocean, and over the South China Sea near, and over, Malaysia for some simulations.  

Many simulations also show spikes of higher precipitation over Papua, Indonesia and 

Papua New Guinea, while others show very little precipitation over the islands and 

primarily estimate it over the ocean.  Evaporation in the Maritime Continent is still 

predominantly over the ocean, and the moisture advection is typically quite small.  The 

moisture convergence still tends to match precipitation areas within the observations and 

simulations, and although the residual seems tied to the convergence for the observations, 

the connection is less clear within the simulations. 

The MSE budget is displayed within Figure C.2.  The MSE advection is often 

positive over the Arafura, Bandan, and South China Seas,  Some simulations show it as 

positive over the ocean in general.  There is positive convergence over the Asian peninsual, 

and over islands in general in some simulations.  However, some simulations also have 

negative convergence over the islands.  The total radiation and total heat flux tend to be  
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reduced between 5°S and 5°N, and the residual tends to be smaller over the ocean and 

larger over the islands. 
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Figure C.1.  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 



155 

 

 

 

 

 

 

Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.1 (contd.).  Maritime Continent Mean Moisture Budget terms in mm day-1. 
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Figure C.2.  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 



174 

 

 

 

 

Figure C.2 (contd.).  Maritime Continent Mean Moist Static Energy terms in W m-2. 
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