ABSTRACT
ZHANG, XUEJIN. Adapting the Weather Research and Forecasting Model for the
Simulation of Regional Climate in East Africa. (Under the direction of Dr. Lian Xie).

The regional climate model (RCM) is a tool to fill the gap between the outcome of
global climate model and the demand of regional government and society for regional
climate information. The current Weather Research and Forecasting (WRF) RCM inherits
several advantages of the original WRF model. For example, (1) it can be used for multiple
scale applications from large eddy to planetary scale; (2) it can be coupled to other climate
system component models; (3) it has multiple physical options for different purposes of
research; and (4) it has parallel infrastructure to distinguish the scientific problems from
engineering problems.
In order to adapt WRF for long term integration for climate application, the model
and its pre- and post-processors are modified in several aspects, including SST and other
surface parameters treatment, and exponential relaxation lateral boundary. In this study, we
also transferred a pre-released version of CAM3 radiation scheme that was first implemented
into WRF by NCAR Regional Climate Modeling team to the WRF standard release versions
(2.1.1 released as of November 8, 2005 and 2.1.2 released as of January 30, 2006). The
preliminary investigation demonstrates that the model has shown the encouraging and
promising results on simulating regional climate.
The objective of this study is to investigate the hydrological cycle in the East Africa
region. Through data analysis, the water channel in the East Africa region is determined. The
moisture transport from the Indian Ocean is the main source of the water vapor for
precipitation in “short rain” season from October to December (OND). The variability of the

moisture transport directly results in the variability of precipitation in OND. The local soil
moisture, which directly connects to evaporation, does not substantially contribute to
precipitation in the region.
To investigate the physical processes of the variability of the moisture transport, five
seasonal simulations from September to December for 1994 to 1998 are conducted by WRF
RCM. The model successfully simulates the interannual variability of two positive Indian
Ocean Dipole Mode (IODM) episodes (1994 and 1997), two negative IODM episodes (1996
and 1998), and the meridional mode in 1995. The analysis further demonstrates that the
model can reproduce many surface features of the interannual variability related to IODM
changes, such as the mean sea level pressure, wind regime, and surface air temperature. The
seasonal change of the monsoon system is also well represented. The results show the
interannual variability in East Africa and the adjacent region is mainly related to the
variability of the Indian Ocean SST. Through sensitive experiments of different resolution
SST forcing, we suggest that the SST forcing itself and SST gradient plays a role on exerting
effect on atmosphere. The current conclusions are very preliminary and the results should be
further carefully examined in future publications.
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Chapter 1. Introduction
1.1 Definition
Climate is traditionally defined as the average state and the statistical deviation of the
atmosphere over a period of time. Therefore, climate can be defined as a month, a season, or
a year.
Regional climate, according to the definition of regional climate in Giorgi et al.
(2001), is defined as climate in the range of 104 to 107 km2. The current regional climate
models and observational systems can resolve this scale. The upper limit of regional climate
is defined as 107 km2 regarded as sub-continental scale region, which has substantial climatic
heterogeneity. The scales greater than 107 km2 is referred as planetary scales, in which the
circulations clearly consist of general circulation processes and interactions. The scales lower
than 104 km2 represent the smallest scales referred to as local scales.
Climate system consists of five components: the atmosphere, the hydrosphere,
including the ocean, lakes, and rivers, the cryosphere formed by the snow and ice masses of
earth, the underlying lithosphere, and the marine and terrestrial biosystems (Peixoto and Oort,
1992) (Fig. 1.1.1).
1.2 Background of the Need of Regional Climate Model
Global Climate Models (GCMs) are the most suitable tool for addressing climate
variability and climate change. However, in order to respond to the strategic demands from
policymakers and the society, in general, regarding climate change and climate prediction,
Regional Climate Model (RCM) is expected to resolve at the finer spatial scales than the
current Intergovernmental Panel for Climate Change (IPCC) coupled GCM can do (cf. Table
2.2.2, the finest resolution about 100 km, most at 200-300 km). In general, GCM can capture
1

the continental scale but can not resolve the regional scale details in term of the above
definition of regional scale, particularly for those heterogeneous regions, where complex
topography, vegetation, soil and coastal land-ocean contrast have significant effects on
climate (Wang et al., 2004). In addition, extreme events such as tropical cyclone, at the
coarse resolutions, are often not well captured, or their intensity is unrealistically low
(Bengtsson et al., 1995; McDonald, 1999) while with a very high resolution hurricane
regional model a reasonable simulation of the magnitude and location of maximum surface
wind intensities of a hurricane is produced for the northwest Pacific basin (Knutson et al.,
1998). For these sakes, the finer resolution RCM may be indispensable to fill the gap
between the outcome of GCM and the demand of society and policymakers.
The pioneer idea that the numerical weather prediction regional model could be used
for regional climate research is proposed by Dickinson et al. (1989) and Giorgi (1990). The
underlying hypothesis is the traditional concept of climate defined above. Their simulation
time periods are much longer than the traditional Numerical Weather Prediction (NWP),
from one month to continuous multi-year for regional climate study (Giorgi and Bates, 1989;
Giorgi, 1990; Giorgi et al., 1993ab; Giorgi et al., 1994; and Jones et al., 1995). This original
idea is beyond the weather predictability theory proposed by Lorenz (1982) as an initial
problem. However, the success of the early implementation of the regional climate model
attracts scientists to explore further development and application of the RCM.
Since then, many regional models have been developed in different meteorological
centers. Table 1.2.1 summarizes some of current active RCMs and their main physics
specification appearing in the recent publications in different research centers of the world.
This table does not attempt to summarize all of the regional climate models that currently
2

exist. Of particular consideration are the region of the application and the diversity of the
regional models. The model with similar dynamic framework and physics will not be
repeatedly presented in this table.
In general, the current RCMs are either non-hydrostatic or hydrostatic. Most of them
inherit the limited area weather prediction model. The resolution varies widely from the
nested area of 4 km to the large grid space of 90 km depending on the implementation
location and the resource of the research center. Most of them have the nesting capability
with two-way interaction. The vertical resolutions are between 14 layers to 40 layers. Some
exceptions are spectral regional models.
1.3 Current Downscaling Applications of RCM
There are many aspects of applications of RCMs. We can divide them into two main
aspects: one is the dynamic downscaling; the other is the study of the physical processes. We
focus on reviewing the current approaches used for dynamic downscaling, which has not
been emphasized in the latest comprehensive literature reviews (e.g., Giorgi, 1995; Wang et
al., 2004; Fu et al. 2005; Leung et al. 2006).
Dynamic downscaling is a major application of regional climate model. The
processes of dynamical downscaling are as follows: GCM, global reanalysis and/or
observation provide the driving lateral boundary, initial and/or lower boundary conditions.
The inputs are usually coarser resolution than the RCM has. The RCM is then driven by the
lateral boundary conditions through relaxation within buffer zones and forced by low
boundary conditions to integrate certain period of time. After 6-24 hours of spin-up periods,
the RCM begins generating its own climate which has more detailed climate information
than the GCM with a coarse resolution, reanalysis data and/or observation have. Hence,
3

dynamical downscaling is regarded as a conditional simulation of climate which is
determined by internal evolutions of the regional climate model, the coarse resolution lateral
boundary forcing and the fine resolution regional external forcing. On the other hand, the
downscaling of RCM should be under the effective control of the climate drift caused by the
model limitation such as inaccurate numerics and errors in the physical parameterization
(Bromwich et al., 2005). Numerous studies have shown that the regional climate
downscaling can consistently improve the spatial and temporal details of the regional climate
compared to the global climate model (e.g. Giorgi,1990; Rinke et al., 1999; Leung et al.,
2004).
To implement dynamical downscaling, several approaches have been explored in
literature. One is the long-period simulations that are continuously forced by the low
boundary, other external conditions, such as aerosol and greenhouse gases, and the largescale lateral boundary fields assimilated through the buffer zone. This approach can be used
in the sensitive experiments on different forcings such as complex topography (Giorgi and
Bates, 1989), lake effects (Bates et al., 1995), vegetation change (Copeland et al., 1996), or
climate change research such as extreme climatic event in future climate (Bell et al., 2004),
humane-induced land cover change (Pan et al., 1999b; Fu, 2003), double CO2 (Hirakuchi and
Giorgi, 1995; Jones et al., 1997; Giorgi et al., 1998) and aerosol effects on climate (Qian and
Giorgi, 1999; Qian et al., 2003b). The second approach is a short-segment continuous
integration for a long period. After many short-segment integrations for the period, the
average of these individual integrations is obtained for the whole period, in which the data of
the first 6-24 hour integration are discarded. The differences of the rationale behind these two
approaches are the effects of the initial conditions and the lateral boundary conditions. The
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long-term simulation approach is considered as a boundary problem and the large-scale
circulation effect is assimilated through the relaxation method in the buffer zone. The climate
generated in the interior domain is mainly dependent on the accuracy of the model itself,
lateral boundary conditions and the external forcings. The domain size should be as large as
possible to minimize errors because of the lateral boundary over-specification (Staniforth,
1997). The initial conditions should not be sensitive because the long-term integration is
much longer than the traditional spin-up time problem which arises by the short term
integration. The main problem for the approach is the regional climate drift because of the
model limitation and the inaccurate representation of external forcing such as the vegetation
change of the underlying surface, the interannual or intra-annual change of green fraction
(Bromwich et al., 2005). Fig.1.3.1 and Fig. 1.3.2, for example, show the intra- and interannual variability of the Fraction of Photosynthetically Active Radiation (FPAR) derived
from the Pathfinder version 3 Normalized Difference of Vegetation Index (NDVI) (Myneni
et al., 1997). FPAR measures the proportion of available radiation in the photosynthetically
active wavelengths (400 to 700 nm) that a canopy absorbs. It also indicates the green fraction
in the area. We can see the apparent inter- and intra-annual variability in the Eastern Africa
region. The variability of the FPAR and Leaf Area Index (LAI) indicates the variability of
the canopy structure thus implying the impact on the rates of energy and mass exchanges.
The short-segment simulation approach is similar to weather hindcast (Bromwich et
al., 2005). The performance of the model is determined by not only the model accuracy, the
fine terrain and land surface condition but also the initial condition, i.e. an initial and
boundary problem. The short-segment simulation approach is usually integrated less than 72
hours with 6-24 hour spin-up period and is not sensitive to the domain size (Bromwich et al.,
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2005). Because of the short integration, the uncertainty of lateral boundary conditions is
minimized. The approach has successfully obtained skillful results in Greenland area
(Bromwich et al., 2001; Cassano et al., 2001; Box et al., 2004) and Iceland (Bromwich et al.,
2005). The success of this approach is attributed, in part, to the strong influence of the largescale flow from the coarse resolution model to correct the climate drift. Qian et al. (2003a)
concludes that the optimal short-segment downscaling for average conditions is 10-day
reinitialization. Pan et al. (1999a) also found that the downstream drift of the model
meteorological fields and the bias can be improved by reinitializing the model and they
conduct a serial of the short-segment integration during the entire experiment period. Qian et
al. (2003a) suggest that the accuracy of the long term average downscaling could be
enhanced through the optimal reinitialization scheme. The optimal reinitialization scheme
partly resolves the spin-up and reinitialization issues when the short-segment integration
approach is implemented.
To resolve the regional climate drift of the long-term continuous simulation and spinup and reinitialization issue of the short-segment integration, the third approach, spectral
nudging, has been attempted in recent years. The original concept of spectral nudging is
proposed for weather forecast by Waldron et al. (1996). von Storch et al. (2000), based on the
original concept, applies the method on the RCM. The rationale of the approach is: regional
climate is the results of the interaction between the large-scale atmospheric flow and smallerscale geographic features such as topography, land–sea distribution, or land use (von Storch,
1999). The difference from the conventional long-simulation approach mentioned above is
that this approach is forced by the large-scale forcing from coarse resolution model or
reanalysis both at the lateral boundaries and in the interior. The lateral boundary forcing is
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the conventional relaxation method while the interior forcing is through selected-scale
nudging. The procedure can be summarized according to von Storch et al. (2000) as follows:
• Expend the variables from the RCM and GCM/Reanalysis by Fourier method, the
number of Fourier coefficients of RCM is greater than the number of Fourier
coefficients of GCM;
• Deviate the model from the state given by the GCM/reanalysis based on the
confidence of the variables which depend on the wavenumbers in both directions;
• Add nudging term in the spectral domain in both directions.
Based on the physical consideration, the nudging term can be applied both on zonal
and meridional wind and can be different in both directions. Practically, the wavenumber can
be chosen according to the state of the large-scale GCM/reanalysis. This approach is to revise
the large-scale inconsistency between RCM and the driving fields from GCM/reanalysis,
which could cause the regional climate drift.
The spectral nudging is actually a generalized approach of the long-term simulation
and short-segment simulation. The spectral nudging, based on the scale-separation method,
on the one hand, does allow the RCM to develop the regional scale features. On the other
hand, the large-scale driving field nudging also preserves that the planetary-scale fields
produced by RCM are consistent and they do not digress from the driving fields, which have
been proved that they are effective and justified (Kang et al., 2005; Jiao and Caya, 2006). By
the spectral nudging, Miguez-Macho et al. (2004) suggest that the spectral nudging is
necessary for all downscaling studies based on RCMs with domain sizes of a few thousand
kilometers and larger embedded in global models.
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We have to stress here on this approach that the spectrum nudging emphasizes the
downscaling to construct the detailed regional climate information. Therefore, its application
should be limited in the areas of paleoclimatic, historic reconstruction, and climate change
(von Storch et al., 2000).
1.4 Model Evaluation and Regional Climate Diagnosis
The current climate research dataset is designed mostly for the evaluation of the
coarse resolution GCM such as Intergovernmental Panel for Climate Change Fourth
Assessment Report (IPCC AR4). For example, the resolution is 2.5˚ latitude-longitude for
National Center for Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) reanalysis and ~1.125˚ latitude-longitude for European Centre for
Medium-Range Weather Forecasts (ECMWF) 40-year reanalysis (ERA-40). However,
according to current RCM resolution of 4-90 km (cf. Table 1.2.1), the RCM evaluation is
always impeded by the limitation of the observational or reanalysis data in most areas
especially over ocean and developing countries where the long-term consistent data are
unavailable. Even in developed countries, current conventional observation systems cannot
provide spatially and temporally sufficient coverage to verify the legitimacy of RCM results.
Therefore, accumulating long-term higher resolution data and generating consistent regional
reanalysis are necessary to verify the results of RCM. Fortunately, since 1979, satellite
observation can provide some global coverage data to supplement the observation gap in
current observation network. Although the satellite data have accumulated enough long
dataset so that we can at least investigate the interannual variability, they always suffer some
discrepancies such as the consistency among different kinds of satellites and instruments, the
cloud contaminations and the calibrations over the data sparse area (Adler et al., 2001).
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Therefore, quantitative evaluations of RCM results are still stagnant in the dense surface
available variables such as precipitation and temperature. To evaluate the RCM results
impeccably for the research region, the fine resolution 3-dimensional dataset has to be
prepared, such as North America Regional Reanalysis (NARR) for North America. Current
global reanalysis, ERA-40, is the best available dataset at present to evaluate RCM in other
regions other than NCEP/NCAR reanalysis.
Beside the dataset readiness, evaluating method designed for RCM is also a concern
in current research, especially for evaluating the add-on value of RCM compared to GCM.
Some evaluation methods designed for operational weather forecast such as Threat score (Tscore) or Bias score (B-score) can also be utilized in evaluating the statistics of precipitation
of RCM when the high resolution data are available. Another method we may consider for
evaluating the results of RCMs is the scale-separation method used in mesoscale community.
With this method we may be able to determine if the add-on details are valuable and valid.
More importantly, the method can help us decide the scale interaction among the physical
processes and understand the deficiencies and failures of RCMs and GCMs in simulating the
regional climate. The RCM can also employ the evaluation method developed for GCMs
such as the Taylor diagram (Taylor, 2001). The diagnosis of RCM results help us understand
better the regional climate aspects, for example, the orographic precipitation, coastal effect,
regional hydrology cycle, and model and observation uncertainty.
1.5 Concluding Remarks
RCM has been extensively used in different research centers. The applications of
RCMs also show the effectiveness and usefulness in improving the regional climate
information especially in the areas with complex orographic effect, land-sea contrast, and
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heterogeneous land surface. The dynamic downscaling can also be used for research on
climate change, seasonal climate prediction and air quality issues resulting from climate
change (e.g. Leung and Gustufson, 2005; Zhang and Leung, 2007; Tagaris et al., 2007).
The physical processes of regional climate is another actively studied area such as
land-atmosphere interaction, topographic effects and its parameterization, land use effect on
regional climate change, aerosol effect on climate and climate change, and cloud-aerosolclimate interaction.
The other applications of RCM include regional climate data assimilation (FoxRabinovitz et al., 2002) and physical parameterization such as albedo (Liang et al. 2005a).
There are several areas model physics that need to be further explored in the
development of a RCM. Arguably the most important of these is the physics of the cloudaerosol-climate interaction. The impacts of the cloud-aerosol interaction have been
extensively studied (e.g., Albrecht, 1989; Hobbs, 1993; Andreae, 1995; Boers, 1995; Eichel
et al., 1996; Chuang et al., 2000; Zhang et al., 2002; Menon et al., 2003; Ghan and Easter,
2006). Basically, clouds affect aerosols and their precursors, then alter the aerosol size
distributions and cloud condensation nuclei (CCN) concentrations that feed back on the
clouds. Meanwhile, aerosols serve as CCN and therefore influence cloud particle properties
(e.g., albedo), cloudiness, microphysical structure and lifetime of cloud, and subsequently
influence precipitation patterns, regional circulations and cloud-mediated forcing of climate
(Penner et al., 2001). This is so-called indirect effect of aerosols (Twomey, 1977; Albrecht,
1989). The difficulty is that we have not quantitatively understood the indirect effect of
aerosol on climate, which is estimated to be about 0.0 to -4.8 Wm-2 (Penner et al., 2001).
Currently, several observational plans such as the Second Aerosol Characterization
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Experiment (ACE-2) and the Atmospheric Radiation Measurement (ARM) are being
implemented to strive on the challenge. At the same time, several models are developed or
under the development that enable us to examine the aerosol-could interaction and their
impacts on climate-chemistry system. The first such model is the Gas, Aerosol, Transport,
Radiation, General Circulation, Mesoscale, and Ocean Model (GATOR-GCMOM) (Jacobson,
2001; Jacobson, 2006). Other examples of existing models include the Model for Ozone and
Related Chemical Tracers (MOZART) (Tie et al., 2001), Model for Integrated Research on
Atmospheric Global Exchanges (MIRAGE) (Ghan et al., 1997; Ghan et al. 2001; Easter et al.,
2004), Earth System Climate Model (ESCM) (Weaver et al., 2001), the Weather Research
and Forecasting/Chemistry (WRF/Chem) (Grell et al., 2005). These models can simulate the
aerosol-cloud interaction and their impacts on climate changes.
The treatments in land surface processes are still subject to large uncertainties in the
coupled model according to recent results from Global Soil Wetness Project-2 (GSWP-2)
(Dirmeyer et al., 2006). The results from 13 offline LSMs indicate that there exists disparity
among land surface schemes in different LSMs although they are driven by the same forcing
data. These uncertainties imply that the understanding of land–atmosphere interactions still
needs improvement in modeling of the earth system.
In sum, dynamic downscaling is indispensable for current solutions of the societal
and economic demands. The reductions of the climate drift of RCMs and the uncertainties of
the driving forcing remain a priority for regional climate research community. The latest
efforts of developing a two-way Nested Regional Climate Model (NRCM) by National
Center for Atmospheric Research (NCAR) shed the new light on resolving the uncertainty of
RCM and GCM (Leung et al., 2006).
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Fig 1.1.1 Climate System Scheme (IPCC, 2001).
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Fig.1.3.1a. The monthly variability of Fraction of Photosynthetically Active Radiation derived from NDVI.
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Fig.1.3.1b. The monthly variability of Fraction of Photosynthetically Active Radiation derived from NDVI.
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Fig.1.3.2a. Interannual variability of FPAR in January.
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Fig.1.3.2b. Interannual variability of FPAR in April.
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Fig.1.3.2c. Interannual variability of FPAR in July.
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Fig.1.3.2d. Interannual variability of FPAR in October.
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Table 1.2.1. Summary of current regional models.
Model

Research
Center*

Resolution

Dynamic
Core

DARLAM

CSIRO

60kmL18

H

Lateral
Boundary
Condition
Exp.

RegCM3

ICTP

90kmL14

H

MM5

OSU

8kmL28

NH

MRICRCM
RACMO2
RSM
HadRM3H
Eta
RIEMS

Convective

Land
Surface+

Longwave
Radiation+

Shortwave
Radiation+

Main
Reference(s)

Region of
application

Kowalczyk

Planetary
Boundary
Layer+
Louis

Exp.

ArakawaGordon
Grell

GFDL

GFDL

Walsh, et al. (2004)

BATS

Holtslag

CCM3

CCM3

MRF

CCM2

CCM2

unspecified

unspecified

unspecified

Afiesimama, et al.
(2006)
Bromwich, et al.
(2001)
Sasaki, et al.
(2006)
van den Broeke
(2006)
Sun, et al. (2005)

Southeast
Australia
West Africa

Linear

Grell

MRI

20kmL36

unspecified

Spectral

unspecified

Modified
LSM
6 layer LSM

Utrecht
University
IRI

55kmL40

unspecified

unspecified

60kmL18

unspecified

Nonlinear

ECMWF
CY23R4
Kuo-type

ECMWF
CY23R4
Kanamitsu

ECMWF
CY23R4
unspecified

ECMWF
CY23R4
unspecified

ECMWF
CY23R4
unspecified

Hadley
Centre
UCLA

50kmL19

unspecified

Linear

HadAM3H

HadAM3H

HadAM3H

HadAM3H

HadAM3H

80kmL38

H

Linear

Betts-MillerJanjic
Kuo-Anthes

SSiB-1

KolmogorovHeisenberg
Holtslag

Fels &
Schwartzkopf
CCM3

Lacis &
Hanson
CCM3

Kain-Fritsch

Noah LSM

Mellor-YamadaJanjic

CAM3

CAM3

GrellDevenyi
CGCM

CoLM

YSU

Goddard

Goddard

CGCM

CGCM

CGCM

CGCM

OSU

MRF

CCM2

CCM2

Dickinson
(1984)

Mellor &
Yamada(1974)

Ritter &
Geleyn (1992)

Ritter &
Geleyn (1992)

1

IAP

50kmL17

H

Linear

2

NRCM

NCAR

36kmL35

NH

CWRF3

UIUC

NH

CRCM

U. Quebec

30km
unspecified
45kmL29

CMM5

UIUC

30kmL23

NH

Periodic in
EW
Exp. in NW
Liang et al.
(2001)
Spectral
Nudging
Exp.

CHRM

German &
Swiss
Weather
Services

56kmL20

H

Linear

NH

Grell
Kain-Fritsch
Mass-flux
scheme

BATS

Note:
DARLAM: Division of Atmospheric Research Limited Area Model.
RegCM3: Regional Climate Model Version 3.
MM5: Mesescale Model Version 5.
MRI-CRCM: Meteorological Research Institute Coupled atmosphere-ocean Regional Climate Model
RACMO2: Regional Atmospheric Climate Model Version 2
RSM: The NCEP Regional Spectral Model
HadRM3H: Hadley Centre Regional Climate Model
Eta: NCEP Regional Eta Model
RIEMS: Regional Integrated Environmental Model System
NRCM: Nested Regional Climate Model
CWRF: Regional Climate-Weather Research and Forecasting Model
CRCM: Canadian Regional Climate Model
CMM5: Regional Climate MM5

Hudson & Jones
(2002)
De Sales & Xue
(2006)
Xiong, et al.
(2006)
Leung, et al. (2006)
Done, et al. (2005)
Liang, et al.
(2005b); (2006)
Jiao & Caya
(2006)
Liang, et al.
(2006)
Lüthi, et al.
(1996)

Polar Iceland
Japan
Antarctic
Brazil
Southern
Africa
South
American
East Asia
Channel
30˚S-45˚N
USA
PanCanidian
CONUS
Europe

1. unspecified: information is not available in the reference.
2. personal communication with Dr. L. R. Leung in PNNL.
3. personal communication with Dr. X.-Z. Liang in Illinois State Water Survey.
*: see Appendix III for List of Acronym.
+: refer to the main reference for individual reference(s) of physics if not list separately.
H/NH: Hydrostatic/Non-hydrostatic; Exp. Exponential

CHRM: Swiss Regional Model
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Chapter 2. Objectives, Data and Methodology
2.1 Objectives
The ultimate goal of this study is to improve regional climate prediction and
downscaling of global change effects by implementing a state of the art regional climate
model for applications in East Africa. Specific objectives are:
1. Developing a tool for regional climate modeling and downscaling applications
through adaptation of the state of the art Weather Research and Forecasting (WRF) model;
2. Analyzing available atmospheric and oceanic data to identify important climatic
processes and parameters for model initialization, forcing and verification;
3. Quantifying the uncertainty of observations and assimilated data as well as the
uncertainty in the global climate modeling;
4. Improving the understanding of the physical processes which control the seasonal
climatic variability in East Africa during the “short rain” season.
2.2. Data
2.2.1 Precipitation Datasets
There are several observational datasets of global precipitation available currently for
climate research, for example, the historic monthly precipitation dataset for global land areas
from 1900 to 1998 produced by Climate Research Unit (CRU) of University of East Anglia,
Global Precipitation Climatology Project (GPCP) version 2 Satellite-Gauge combination
precipitation (GPCP-V2-SG hereafter), GPCP 1-Degree Daily combination precipitation
(GPCP-1DD hereafter), and Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP), etc. Four precipitation datasets are used in this research (Table 2.2.1).
The summary of the precipitation datasets are introduced as follows:
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2.2.1.1 GPCP-V2-SG
The GPCP was established by the World Climate Research Program (WCRP) to
address the problem of quantifying the distribution of precipitation around the world over
many years. The general approach is to combine the precipitation information available from
several sources into a final merged product by taking advantage of the strengths of each data
type. The microwave estimates are based on Special Sensor Microwave/Imager (SSM/I) data
from the Defense Meteorological Satellite Program (DMSP) satellites. The infrared (IR)
precipitation estimates are computed primarily from three geostationary satellites (United
States, Europe, and Japan) and secondarily from polar-orbiting satellites (United States).
Additional low-Earth orbit estimates include the Atmospheric Infrared Sounder (AIRS) data
from the National Aeronautics and Space Administration (NASA) Aqua, Television Infrared
Observation Satellite Program (TIROS) Operational Vertical Sounder (TOVS), and Outgoing
Longwave Radiation (OLR) Precipitation Index (OPI) data from the National Oceanic and
Atmospheric Administration (NOAA) series satellites. The gauge data are assembled and
analyzed by the Global Precipitation Climatology Centre (GPCC) of the Deutscher
Wetterdienst and by the CPC of NOAA.
The currently operational procedure is described in Adler et al. (2003) and has been
used to produce the GPCP-V2-SG, covering the period January, 1979 through the present
(with some delay). The primary product in the dataset is a combined observation-only dataset,
which is a 2.5˚×2.5˚ latitude-longitude gridded analysis based on gauge measurements and
satellite estimates of rainfall. The official document about the data set is available at
http://www1.ncdc.noaa.gov/pub/data/gpcp/v2/documentation/V2_doc
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2.2.1.2 GPCP-1DD
According to the document accompanying the data, GPCP 1-Degree Daily
combination (GPCP-1DD) is a companion to the GPCP-V2-SG. The data set uses the best
quasi-global observational estimators of underlying statistics to adjust quasi-global
observation datasets that have desirable time/space coverage. The current version is pure
satellite based estimation. The satellite data used in this version include the following: 1.
SSM/I (0.5°×0.5° by orbit) provides fractional occurrence of precipitation; 2. GPCP-V2-SG
provides monthly accumulation of precipitation to algorithms to which it is applied; 3.
Geosynchronous-orbit IR (geo-IR) Tb histograms (1°×1° grid in the band 40°N-40°S, 3hourly); 4. Low-earth-orbit IR (leo-IR) (1°×1°); 5. Geostationary Operational Environmental
Satellites (GOES) Precipitation Index (GPI) (same time/space grid as geo-IR); 6. TOVS
(1°×1° on daily nodes); 7. AIRS (1°×1° on daily nodes). The official website is as follows:
http://www1.ncdc.noaa.gov/pub/data/gpcp/1dd/doc/1DD_doc
2.2.1.3 CMAP
The CMAP is a technique which produces pentad and monthly analyses of global
precipitation in which observations from rain gauges are merged with precipitation estimates
from several satellite-based algorithms (infrared and microwave) and is enhanced by NCEPNCAR reanalysis precipitation. The analyses are on a 2.5˚ ×2.5˚ latitude/longitude grid and
extend back to 1979. Comparisons of the CMAP with the merged analysis of Huffman et al.
(1995) reveal remarkable agreements over the global land areas and over tropical and
subtropical oceanic areas (Xie and Arkin, 1997). The inter-annual variability associated with
the El Niño–Southern Oscillation (ENSO) episodes resembles that found in previous studies,
but with substantial additional details, particularly over the oceans (Xie and Arkin, 1997).
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The dataset has been excessively cited in many different research aspects such as monsoon
study (e.g., Kullgren and Louvet, 2006), climate change (Kripalani et al., 2007), climate
variability (Schreck and Semazzi, 2004), model validation (Gates et al., 1999; De Sales and
Xue, 2006), hydrological cycle (Trenberth and Guillemot, 1998), and data comparison
(Janowiak et al., 1998). The official website is as follows:
http://www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.cmap.html
2.2.2 Reanalysis Datasets
The data assimilation techniques are extensively used in weather prediction for
providing the optimal initial fields representing the state of the atmosphere at the analyzed
time. In many operational centers, the current fields for the initial conditions are generally
from a data assimilation system by blending the observations, previous forecasts, and models.
The long term series from the data assimilation system should give the best description of the
evolution of the weather patterns and the accumulated data would best describe the climate
state. However, the individual analyses for weather prediction are always affected by the fast
changing operational prediction system, the newly innovated analysis techniques, data
assimilating method, and the continuously varied observations (Kalnay et al., 1996). The
accumulated data from the weather forecast center are not consistent because of the above
mentioned alterations. The implementation of the reanalysis projects is to use a coherent
analysis or forecast system to produce past best estimation of the atmospheric state over a
long period of time. Although the reanalysis system still presents certain inconsistencies
because of the amount of the input observations and the original data quality control (Kalnay
et al., 1996; Onogi, 2000; Simmons and Gibson, 2000), the reanalysis products have been
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used in climate research for their abilities to represent the historical atmosphere state and
climate variability.
2.2.2.1 ERA-40
The ERA-40 project uses a variational data assimilation system to make a new
comprehensive synthesis of the in-situ and remotely-sensed measurements obtained during
the period of September, 1957 to August, 2002. The product is of spatial resolution with
T159 (~125km) in the horizontal and with sixty levels in the vertical from surface to a height
of about 65km. The analyzed variables include not only the conventional meteorological
observations such as wind, temperature, humidity, and pressure fields as well as the
numerous diagnostic and derived variables, but also stratospheric ozone, ocean-wave and soil
conditions (Simmons and Gibson, 2000; Uppala et al., 2005).
ERA-40 dataset provides the high quality reference of atmospheric state for quite a
long period mainly for climate research and supplement to the hitherto available NCEP/
NCAR reanalysis I (1948-present) (Kalnay et al., 1996) and NCEP/Department of Energy
(DOE) reanalysis II (1979-present) (Kanamitsu et al., 2002), ECMWF 15-year reanalysis
(ERA-15 hereinafter, Gibson et al., 1999) (12/1979-2/1994), and the 15-year reanalysis
generated by the Data Assimilation Office (DAO) of NASA started in March, 1980.
The data used in the ERA-40 assimilation system can be divided into three stages
according to the extent of the satellite data availability. The pre-satellite period was 19581972. The amount of satellite data assimilated increases with time during the transitional
period of 1973-1988. A large amount of the satellite data was assimilated into ERA-40 from
1989-2002 (Hagemann et al. 2005; Uppala et al. 2005).
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In most cases, the ERA-40 reanalysis provides products that are better than those
from the first generation ERA-15 and NCEP/NCAR reanalyses (Uppala et al., 2005). The
evaluations of the different variables of ERA-40 appear in many publications. Bengtsson et al.
(2004) examines the ability of the ERA-40 model system reconstructing the hydrological
cycle by excluding all humidity data. The results indicate that the model physics and
dynamics play a decisive role for the hydrological cycle. Bromwich and Fogt (2004) suggest
that ERA-40 follows more closely the observations in mid- and high-latitude and the
Antarctic. However, a significant trend in skill in ERA-40 is observed in conjunction with the
assimilation of satellite data during winter, eventually reaching a high level of skill after
1978. The ability for ERA-40 is strongly constrained by the satellite observation in mid- and
high-latitude of the Southern Hemisphere. Chevallier et al. (2005) indicates that ERA-40
dramatically improves the realism of seasonal and interannual variations in high clouds,
despite remaining systematic errors over oceans. Their investigation also shows that the
interannual variations may not be reliable in most parts of the world before January, 1979,
when the significant amount of the satellite data began to be available to the ERA-40
assimilation system. Simmons et al. (2004) shows that there is very similar short-term
variability between ERA-40 and CRU temperature (CRUTEM2v) (Jones and Moberg, 2003),
which is based on the monthly station observation. ERA-40 trends are within 10% of
CRUTEM2v values for the Northern Hemisphere when computed from 1979 onward.
Hagemann et al. (2005) shows that the ERA-40 hydrological cycle has generally improved
over land compared to ERA-15. The improvement includes the elimination of cold bias in
winter, the reduction of the occurrence of negative P-E (precipitation minus
evapotranspiration), the removal of dry bias in winter over Europe, and the improvement of
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the snowpack representation. The largest problem is that the global water budget is not only
unbalanced but also P-E over the ocean is positive in long term mean for satellite and
transition periods when it shows significant improvement in other variables. This is related to
an overestimation of precipitation over the ocean, especially in the tropics. It seems that the
changes in the satellite observing system may have adversely affected the precipitation as
indicated by Trenberth et al. (2001) to ERA-15 temperature. It may reaffirm the suggestion
that the dynamics and physics of the assimilation system itself play a decisive role in the
hydrological cycle in this system (Bengtsson et al. 2004).
In general, ERA-40 products provide us a unique and valuable alternative reanalysis
to NCEP/NCAR reanalysis I prior to 1979. The most recent evaluation regarding the ERA-40
project can be obtained from the ERA-40 project reports series
(http://www.ecmwf.int/publications/library/do/references/list/192).
Since its first release to community uses in 2003, the reanalysis dataset has been
massively used in diagnostic studies of the atmospheric general circulation, for the validation
of modeling experiments, and for estimating energy and water fluxes between the surface and
atmosphere (Uppala et al., 2006, and its references).
The ERA-40 data is used for diagnosis and validation in this study. The model
resolution data (T159) are used in this study.
2.2.2.2 NCEP/NCAR Reanalysis
NCEP/NCAR produces reanalysis data (1948-present) in support of the needs of the
research and climate monitoring community. The reanalysis uses a frozen global operational
assimilation system to assimilate the land surface, ship, rawinsonde, pibal, aircraft, satellite,
and other data, some of which may not be available at the real-time operation. The model
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uses the same assimilation method and data quality controlling criteria over the whole period
to eliminate the artificial climate jump associated with the changes of the operational
assimilation system (Kalnay et al., 1996).
The data set is 2.5˚ × 2.5˚ latitude-longitude grids for a large number of the analysis
and first guess “pressure” variables and T62 (192×94) Gaussian grid for flux, diagnostic and
sigma fields. The accuracy is also archived in the publication for best understanding the
status of the data set.
The data has been extensively used in all kinds of researches related to climate. Its
quality and usefulness have been fully examined. The publication of Kalnay et al. (1996) has
been cited more 4000 times since it was published in1996. The major discrepancy in the
dataset is related to the hydrological cycle as ERA-40 (Bony et al., 1997). Basist and
Chelliah (1997) conduct the comparison of the tropospheric temperature among the
reanalysis, NCEP operational analysis, and the microwave sounding unit. They suggest that
the operational model changes have adversely affected the stability of the climatologic fields.
The reanalysis improves greatly in climate diagnostics and monitoring although there is a
slight cold drift in the early 1990’s. Trenberth and Guillemot (1998) illustrate that the NCEP
moisture fields contain large and significant biases in the tropics. The tropical structures are
less well defined and values are generally flatter than they should be. In addition, the NCEP
moisture fields show less fluctuation from year to year. The reanalysis generally reveals a
double inter-tropical convergence zone (ITCZ) in the Central Pacific, and the location of the
South Pacific Convergence Zone (SPCZ) is not well captured.
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NCEP/NCAR reanalysis I products are used as the lateral boundary conditions and
the atmospheric and land surface model initialization. The lateral boundary conditions are
updated every six hours.
2.2.3 Sea Surface Temperature (SST)
SST is one of the most important factors for research of the ocean, the atmosphere,
and their interaction. Recently, the atmospheric model, oceanic model and the coupled model
have significantly improved the representation of spatial resolution. For example, the global
coupled model has reached T106 (~1.125˚) (K-1 model developer, 2004), the regional model
has reached even to the cloud scale (~several kilometers) (e.g. Skamarock et al., 2005), and
the oceanic model has reached to the eddy scale (~4km) (e.g. Thoppil and Hagon, 2006).
Hence high-resolution SST data are required for providing the low boundary condition of the
high-resolution atmospheric models and evaluating the results from high-resolution oceanic
models. The Global Ocean Data Assimilation Experiment (GODAE) High-Resolution SST
Pilot Project (GHRSST-PP) science team has worked on coordinating a new generation of
global, multi-sensor, high-resolution SST products for the benefit of the operational and
scientific community (Donlon, 2002).
Recently, several high resolution data sets with ~10 km resolution have been
published (Kawai et al., 2006; Barron and Kara, 2006). Some regional data sets have even
higher resolution based on multi-channel satellite data (up to ~2.2 km)
(http://podaac.jpl.nasa.gov/cgi-bin/dcatalog/fam_summary.pl?sst+mcsst).
This research uses two SST data sets. One is from NOAA optimum interpolation
weekly SST (OI-SST hereinafter), and the other is from Navy Research Laboratory 1/8˚ SST
produced by Modular Ocean Data Assimilation System (MODAS-SST hereinafter).
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2.2.3.1 OI-SST
The OI-SST analysis is produced weekly on a one-degree grid. The analysis uses in
situ and satellite SSTs plus simulated SSTs over ice-covered regions. Before the analysis is
computed, the satellite data is adjusted the biases using the method of Reynolds (1988) and
Reynolds and Marsico (1993). A description of the OI analysis can be found in Reynolds and
Smith (1994).
In November, 2001, the OI-SST fields were recomputed from late 1981 onward. The
new version will be referred to as OI-SST. The most significant change for the OI-SST is the
improved simulation of SST observation from sea ice data following a technique developed
at the UK Met Office. This change has reduced biases in the OI-SST at higher latitudes. The
update and extension of International Comprehensive Ocean-Atmosphere Data Set Project
(ICOADS), the original Comprehensive Ocean-Atmosphere Data Set (COADS) project, has
also provided the improved ship data coverage through 1997, reducing the residual satellite
biases in otherwise data sparse regions.
Reynolds et al. (2002) presents the details of the algorithm and the evaluation of the
OI-SST dataset. The OI-SST has a modest reduction in the satellite bias that leaves small
global residual biases of roughly -0.03˚C. Some regions show a larger monthly root mean
square difference (> 0.5˚C) compared to COADS SST data. These regions are primarily the
mid- and high-latitude southern oceans and the Arctic where the data is sparse and the highgradient regions such as the Gulf Stream and Kuroshio where the gradient can not be
resolved by the 1˚ grid.
The data set has been widely used in weather and climate monitoring and forecasting
since its first version OI SST and then the second version OI SST, i.e. OI-SST here. The
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regional climate modeling also uses this data set as the standard SST forcing since its
availability.
2.2.3.2 MODAS-SST
The MODAS-SST data set is a daily 1/8 degree global field of SST produced by
MODAS. The MODAS-SST, by using a combination of Optimal Interpolation (OI) and
climatologically corrected persistence, balances eddy-resolving spatial and daily temporal
resolution with improved transitions in time and space across cloud-obscured regions to
eliminate data voids (Barron and Kara, 2006). MODAS-SST is applicable for physical or
biological studies and operational applications on regional to global scales (Barron and Kara,
2006). The OI of Advanced Very-High Resolution Radiometer (AVHRR) nonlinear SST
(NLSST) observations from 1993 to the present are used in producing the data.
The primary advancement of MODAS-SST relative to the existing products is its
attempt to represent the real-time global SST at higher horizontal resolution. Such a
resolution is important for preserving information on front and eddy location for assimilation
into high-resolution dynamic forecast models (Kara et al., 2006). Eddies of 25–100 km in
diameter cannot be adequately represented using a coarser horizontal grid (Barron and Kara,
2006), which means that one degree OI-SST misses the eddy scale SST of this phenomenon.
The eddy phenomenon could contribute to the local air-sea interaction and coastal air-sea
interaction and may imply regional climate significance.
2.2.4 IPCC AR4 Precipitation
In order to prepare for the IPCC AR4, the IPCC AR4 coupled model data is archived
by Program for Climate Model Diagnosis and Intercomparison (PCMDI) in Lawrence
Livermore National Laboratory (LLNL). There are 23 coupled global models that participate
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in the inter-comparison (Table 2.2.2). The table summarizes the main features of the 23 IPCC
models and related reference for further details. The detailed configuration and
documentation of individual models are also archived by PCMDI website: http://wwwpcmdi.llnl.gov/about/index.php.
The global assessment of precipitation from the participating coupled models is
reported in AchutaRao et al. (2004) and Dai (2006).
2.3 Methodology
“Exploratory data analysis is the manipulation, summarisation, and display of data
to make them more comprehensible to human minds, thus uncovering underlying
structure in the data and detecting important departures from that structure”
--David F. Andrews(1978)
2.3.1 Nature Neighbor Interpolation
It is very difficult to discern patterns if the data are in raw observation positions and
original quantities, or quantitative inter-comparison among models with different resolution.
Therefore, interpolation is inevitable in meteorological diagnosis and analysis. To perform
our research purpose, we may not compromise some general principles (Sibson (1981): 1) the
interpolant has to make data relatively natural to the observation and be reasonably smooth; 2)
the behavior is very much like the original function from which the data were drawn. Based
upon these principles, Sibson (1981) develops the Nature Neighbor Interpolation (NNI). The
method is adopted by NCAR Command Language (NCL) and has become a standard
function for data interpolation. The interpolation in this research is based on this function.
The detailed description is summarized in Appendix II based on Sibson (1981).
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Some interpolation examples related to this research are given in this section. CMAP
and GPCP-V2-SG are on the 2.5˚ × 2.5˚ latitude-longitude grid. In order to compare the
precipitation from different sources to WRF precipitation, GPCP-1DD data and calculate the
ensemble of IPCC models, it is necessary that they be interpolated to the same grids. All
precipitation data are interpolated to WRF 60 km Mercator projection grids by the above
mentioned NNI method. Here are some examples interpolated from global 2.5˚ × 2.5˚
latitude-longitude precipitation to WRF grids. Fig. 2.2.1 is CMAP and GPCP monthly
precipitation and ERA-40, NCEP/NCAR reanalysis I and NCEP/DOE reanalysis II from
September to October, 1997. The precipitations are shown that they are visually identical
before and after interpolation although the original data are on 2.5˚ × 2.5˚ latitude-longitude
grids (indicated by Before in panels) while the interpolated data are on 60 km Mercator
projection WRF grids (indicated by After in panels). Figure 2.2.2a-f show sample
interpolation results for precipitation of 23 IPCC models and the ensemble of 74 ensemble
member runs (not all models shown). The figures shown here are those original models at
different resolutions (see Table 2.2.2 for details). Most of these results suggest the NNI
method can effectively and accurately interpolate the precipitation to WRF grid. The
following Taylor diagram for model verification is based on this interpolation.
2.3.2 Taylor Diagram and Its Statistical Implication
Taylor (Taylor, 2001) devises a single diagram that can provide a concise statistical
relationship of the patterns among model simulations and/or observations in terms of their
correlation, their root-mean-square (RMS) difference, and the ratio of their variances. The
diagram is especially useful for evaluating the relative merits from the multi-model
simulations and indicating the model performance with different physical configurations.
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More detailed application approaches are introduced in the above references. We briefly
summarize the Taylor diagram and its implication based on Taylor (2001).
The correlation coefficient R between variable f and variable r at N discrete points is
defined as follows:

R=

1
N

N

∑( f
n =1

n

− f )( rn − r )
,

σ fσr

(2.3.1)
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are standard deviations of f and r respectively, and they may be area-weighted for grid cells
of unequal area. For example, global latitude-longitude grid data should be weighted as

(sin ϕ 1 − sin ϕ 2 ) / xlon , where ϕ 1

and ϕ 2 are latitude, and xlon is the equal interval grid

along certain latitude.
The definition of the centered pattern difference follows:

⎧⎪ 1
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1
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( f n − f ) − ( rn − r ) ⎬ ,
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∑[
N
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]

2

(2.3.2)

thus,

E ' = σ 2f + σ r2 − 2σ f σ r R .
2

(2.3.3)

The following geometric figure shows the relationship among the correlation
coefficient, R, the centered pattern difference, E’, and the standard deviations σf and σr of the
test and reference fields respectively (see the relative relationship in the sketch below) .
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σf
E’
cos-1R

σr

The skill of model can be defined as follows:
S=

4(1 + R )
,
(σˆ f + 1 σˆ f ) 2 (1 + R0 )

(2.3.4)
where R0 is the maximum correlation attainable, which depends on the fundamental limits
(see the discussion in section 4.3 of Taylor, 2001) and σˆ f is the ratio of the model
variance σ f and the observational or reference variance σ r . If one emphasizes the
correlation contribution to the skill score, the score definition can be modified as follows:

S=

4(1 + R ) 4
.
(σˆ f + 1 σˆ f ) 2 (1 + R0 ) 4

(2.3.5)

Therefore, as the model variance approaches the observed variance (i.e., as σˆ f → 1 )
and as R → R0 , the skill approaches unity. The basic Taylor diagram with skill score
contours can referrer to Fig.4.5.3 in Chapter 4. The polar coordinate system illustrates as
follows: the radius is the normalized standard deviation; the red lines indicate the skill score
based on the equation (2.3.5) with the assumption of the ideal correlation R0 = 0.997; the
correlation between the two fields is given by the azimuthal position. The ideal correlation
should be based on the large ensemble number to reflect the ideal model accuracy. Here R0 =
0.997 is assumed to simplify the process. The exact R0 should be obtained through the
consensus of the ideal model accuracy.
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Fig.2.2.1a. CMAP Precipitation. Two top panels are the September precipitation;
Two bottom panels are the October precipitation. Before indicates before
interpolation; After indicates after interpolation on WRF grids.
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Fig.2.2.1b. Same as Fig.2.2.1a except for GPCP-V2-SG Precipitation.
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Fig.2.2.1c. Same as Fig.2.2.1a except for ERA-40 Reanalysis Precipitation.
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Fig.2.2.1d. Same as Fig2.2.1a except for NCEP/NCAR Reanalysis I Precipitation.
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Fig.2.2.1e. Same as Fig2.2.1a except for NCEP/DOE Reanalysis II Precipitation.
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Fig.2.2.2. IPCC-AR4 model simulation precipitation before and after interpolation.
(a). BCCR-T63 (two top panels); (b). CCSM3-T85 (two bottom panels).
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Fig.2.2.2. IPCC-AR4 model simulation precipitation before and after interpolation. (c). GISSAOM (2.5˚× 2.5˚) (two top panels); (d). HadGEM1 (1.25˚× 1.875˚)(two bottom panels).
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Fig.2.2.2. IPCC-AR4 model simulation precipitation before and after interpolation.
(e). MIROC-T106 (two top panels); (f). Ensemble 2.5˚× 2.5˚ (two bottom panels).
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Dataset
Name

Resolution

Period

Table 2.2.1. Precipitation Data Summary.
Cover
Center/Project
Reference
age

Spatial

Temporal

CRULand

2.5˚×3.75˚

Monthly

1990-1998

Global
Land

GPCPV2-SG

2.5˚×2.5˚

Monthly

1979Present

Global

Climate
Research Unit,
University of
East Anglia
GPCP/WCRP

GPCP1DD
CMAP

2.5˚×2.5˚

Daily

Global

GPCP/WCRP

2.5˚×2.5˚

Monthly
Pentad

1996.10present
1979present

Global
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Website

Note

Hulme
(1992)

http://www.cru.uea.ac.uk/~
mikeh/datasets/global/

Gauge only

Adler et al.
(2003)

http://www.ncdc.noaa.gov/
oa/wmo/wdcametncdc.html#version2
http://precip.gsfc.nasa.gov/

Satellite and Gauge

http://www.cpc.ncep.noaa.
gov/products/global_precip
/html/wpage.cmap.html

Satellite, Gauge and
Model output

Huffman
(2001)
Xie and
Arkin(1997)

Satellite only

Table 2.2.2. IPCC AR4 Model Summary.
(Source: http://www-pcmdi.llnl.gov/ipcc/info_for_analysts.php)
Model

Model Name

Center

Atmospheric resolution

Key reference

Ensemble members
20th Century

1
2
3
4
5
6
7
8
9

BCCR-BCM2.0
BCC-CM1
CCSM3
CGCM3.1(T30)
CGCM3.1(T42)
CNRM-CM3
CSIRO-Mk3.0
ECHAM5/MPIOM
ECHO-G

10
11
12
13
14
15
16

FGOALS-g1.0
GFDL-CM2.0
GFDL-CM2.1
GISS-AOM
GISS-EH
GISS-ER
INM-CM3.0

17
18

IPSL-CM4
MIROC3.2

19

MIROC3.2

20
21
22
23

MRI-CGCM2.3.2
PCM
UKMO-HadCM3
UKMOHadGEM1

Note:
BCCR:
BCC:
NCAR:
CCCma:
CNRM:
CMAR:
MPI-M:
MIUB:
METRI:
LASG:
GFDL:
GISS:

AMIP

BCCR
BCC
NCAR
CCCma
CCCma
CNRM
CMAR
MPI-M

T63L31
T63L16
T85L26
T30L31
T42/L31
T63L45
T63L18
T63L31

Furevik et al. 2003
Ding et al. 2000
Collins et al. 2006
Flato et al. 2000
Flato et al. 2000
Salas-Mélia et al., 2005
Gordon et al. 2002
Roeckner et al. 2003

1
3
8
5
1
1
3
4

MIUB,
METRI
LASG
GFDL
GFDL
GISS
GISS
GISS
INM

T30L19

Legutke and Voss 1999

5

T42L26
2°(Lat)×2.5°(Lon)L24
2°(Lat)×2.5°(Lon)L24
3°(Lat)×4°(Lon)L12
4°(Lat)×5°(Lon)L20
4°(Lat)×5°(Lon)L20
4°(Lat)×5°(Lon)L21

Yu et al. 2004
Delworth et al. 2006
Delworth et al. 2006
Rusell et al. 1995
Schmidt et al. 2006
Schmidt et al. 2006
Diansky & Volidin
2002
Marti et al. 2005
K-1 model developer
2004

3
2
3
2
5
9
1

4
1

2
1

6
1

T42L20

K-1 model developer
2004

3

3

T42L20
T42L18
2.5°(Lat)×3.75°(Lon)L19
1.25°(Lat)×1.875°(Lon)L38

Yukimoto et al. 2005
Washington et al. 2000
Gordon et al. 2000
Martin et al. 2006
Johns et al. 2006

5
4
2
2

1
1

IPSL
CCSR,
NIES,
FRCGC
CCSR,
NIES,
FRCGC
MRI
NCAR
HadCen
HadCen

~2.5°(Lat)×3.75°(Lon)L19
T106L56

Bjerknes Centre for Climate Research, Norway
Beijing Climate Center/China
National Center for Atmospheric Research/USA
Canadian Centre for Climate Modelling &
Analysis/Canada
Météo-France / Centre National de Recherches
Météorologiques/France
CSIRO Marine and Atmospheric Research/Australia
Max Planck Institute for Meteorology/Germany
Meteorological Institute of the University of Bonn
Meteorological Research Institute of KMA/Korea
LASG / Institute of Atmospheric Physics/China
US Dept. of Commerce / NOAA / Geophysical Fluid
Dynamics Laboratory/USA
NASA / Goddard Institute for Space Studies/USA

INM:
IPSL:
CCSR:

4
2

1
3

3

1

Institute for Numerical Mathematics/Russia
Institut Pierre Simon Laplace/ France
Center for Climate System Research/The University
of Tokyo/Japan
NIES:
National Institute for Environmental Studies/Japan
FRCGC: Frontier Research Center for Global
Change/JAMSTEC/Japan
MRI:
Meteorological Research Institute/Japan
HadCen: Hadley Centre for Climate Prediction and
Research/Met Office/UK
T30:
~3.75°(Latitude)×3.75°(Longitude), 48×92
T42:
~2.8125°(Latitude)×2.8125°(Longitude), 64×128
T63:
~1.875°(Latitude)×1.875°(Longitude), 96×192
T85:
~1.40625°(Latitude)×1.40625°(Longitude), 128×256
T106:
~1.125°(Latitude)×1.125°(Longitude), 160×320
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Chapter 3. Applying WRF Model for Regional Climate Simulations
3.1 Introduction
Climate system consists of five components: atmosphere, lithosphere, hydrosphere,
cryosphere, and biosphere (Figure 1.1.1). In order to simulate the climate variability and
climate change, the climate system model should include all of the above five components
and interactions among them. The system is a non-isolated system for energy but a closed
system for the exchange of matter with outer space (NRC, 2005). If the model includes all of
the five components, the exchanges of fluxes of energy, momentum, and matter among the
five components are internal processes. Other processes such as solar radiation and volcanic
eruption are external processes. Therefore, climate system compared to NWP is regarded as a
boundary value problem. Any component can be removed from the climate system and then
replaced by a prescribed boundary, either a climatology or real observation, for simulating
any component of the climate system.
The lateral conditions and low boundary conditions for RCM are provided either by
observation, GCMs or reanalysis. Therefore, regional climate modeling is considered as a
conditional boundary problem. Two major applications of RCM in current research are
dynamic downscaling and physical process study. Dynamic downscaling is divided into three
major approaches: the short-segment downscaling, the long term continuous integration
downscaling, and spectrum nudging downscaling. The short-segment downscaling usually
integrates less than 72 hours simulation per segment (e.g., Bromwich et al., 2001). The fifth
generation Penn State/NCAR Mesoscale Model (MM5) (Grell et al., 1995; Bromwich et al.,
2001) is applied to polar region with short-segment simulation and skillful results are
obtained. This application is an initial and boundary problem similar to NWP. The lateral
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boundary conditions are less important and the region can be small because it is mainly
determined by the initial conditions instead of the lateral boundary conditions through buffer
zones. The second approach is long term integration downscaling with RCM by assimilating
large-scale fields through buffer zones so that the large-scale weather and climate system can
penetrate the thin buffer zone into the inner domain. Thus, the scheme of the lateral boundary
assimilation is important in this approach. The rationale of this approach is as follows: first,
the model domain should be large enough that the interested area is far enough from the
buffer zone so that the fields in the area can not be substantially influenced by the lateral
boundary assimilation through the perturbation propagation; second, the large scale system
should be assimilated strong enough by the buffer zone so that the simulated fields by models
could not drift too far away from the large-scale fields of the base GCM or reanalysis. This is
the original consideration by Dickinson et al. (1989). However, as long as the domain is large
enough and the integration is long enough, the model always develops its own climate and
plausibly drifts away from the original model climate no matter how strong the assimilation
in buffer zones is and how wide the buffer zones are because the RCM is always customized
in a limited area in which some remote forcings are missed within the domain (Giorgi et al.
1993b; Liang et al., 2001). Recently, a third approach proposed by von Storch (2000) for
RCM application tries to balance the regional climate formation in the long-term simulation
and the initial effect in the short-segment simulation through spectral nudging approach (See
Chapter 1 for the detailed review on spectrum nudging approach). In this study, we still
follow the first two approaches. However, according to the study of Miguez-Macho et al.
(2004), the spectral nudging is necessary for all downscaling studies with regional models
with domain sizes of a few thousand kilometers and larger embedded in global models.
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3.2 Early Application of RCM in the East Africa Region
Since 2002, scientists from International Centre for Theoretical Physics (ICTP) began
actively developing their regional climate model (RegCM) originally developed in NCAR,
which is based on Penn State/NCAR Mesoscale Model version 4 (MM4) (Anthes et al.,
1987). The split-explicit time integration scheme was added in the RegCM. The major
improvement from Regional Climate Model version 2 (RegCM2) (Giorgi et al. 1993ab) to
Regional Climate Model version 3 (RegCM3) (Elguindi et al., 2006) is that they upgraded
the physics of the model. Many physics schemes such as Community Climate Model version
3 (CCM3) radiation scheme (Kiehl et al., 1996) and convection scheme (Elguindi et al., 2006)
were implemented in the model. Fig.3.2.1 shows the simulated precipitation of 1997 by
RegCM2 and RegCM3 (Elguindi et al., 2006) conducted before 2004. The major problem of
RegCM2 is that the rainbelt is not well organized along the ITCZ. RegCM3 made a
pronounced improvement in precipitation simulation in the area. However, according to our
application in the Eastern Africa and the adjacent region, there are some biases related to the
rainbelt in the tropical Eastern Africa and the Indian Ocean. First, the migration of rainbelt is
not substantially improved both over land and over ocean in RegCM3. Second, the rain
amount is too large and fragmentary in the simulated region. In additional to the climate
biases of precipitation, the code of the model is serial (Note: the parallelized version of
RegCM3 first released in 2006). Hence, our high paralleled computer capacity can not be
fully utilized. Thus, the implementation of the long term experiments is limited because the
long wall-clock time of integration is needed when the application only uses one computer
processor.
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Therefore, we decided to transfer our base model to a parallel model in 2004. MM5 is
a well-accepted model in the mesoscale research community. Some features of MM5
attracted our attention: the radiation package CCM2 has been implemented in the model;
NCEP-Oregon State University-Air Force-Hydrologic Research Lab Land Surface Model
(NOAH LSM) is also coupled in the model; and the model is well supported and fully
parallelized. Fig.3.2.2 shows the results with a fixed SST forcing. Apparently, the fixed SST
forcing is physically wrong and the simulated precipitation is unrealistic with the wrong SST
forcing. Fig.3.2.3 illustrates the time-latitude cross section of precipitation along the 45˚E.
Fig.3.2.3a-d is CMAP observation, 4-month continuous simulation with fixed SST forcing,
3-day reinitialization simulation, and 2-month reinitialization simulation with fixed SST at
each initial time, respectively. The result indicates that the 3-day reinitialization experiment
well simulates in terms of the amount and location of precipitation including the ITCZ
migration and the large precipitation centers. The precipitation center of the 3-day
reinitialization simulated rainbelt is about 2-4˚ latitude south of the observation from
September 1 to December 1, 1997. The precipitation center is about 5 mm/day stronger in the
precipitation center than the CMAP observation. In contrast, the amount of the precipitation
center of the continuous simulation nearly doubles the amount of the CMAP precipitation
center. The location of precipitation is stagnant at same place because of the fixed SST
forcing. This indicates the need to add SST update capacity in the WRF model.
3.3 Applying WRF Model for Regional Climate Simulation
3.3.1 Background
In May, 2004, WRF model released its first research quality version 2.0.1. Then a
major release was made in November, 2004, which showed substantial improvement both in
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physics and performance (Dudhia, 2005; Michalakes, 2005) (See Appendix I for the detailed
description of governing equations for Advanced Research WRF dynamic core). We decide
to stop using the phasing-out MM5 and transfer our base model to WRF model. Table 3.2.1
summarizes the WRF development from v2.0.1 to current v2.1.2 at NCAR
(http://www.mmm.ucar.edu/wrf/users/wrfv2/updates.html), and Table 3.2.2 documents our
changes made to apply the WRF model for regional climate simulation. Some features were
not supported in the standard version at the time when we added them to North Carolina
State University (NCSU) version of WRF model but available in a later or current release of
WRF model. The major changes made in our WRF version include lateral boundary
condition relaxation based on Liang et al. (2001) and the Community Atmosphere Model
version 3 (CAM3) (Collins et al., 2004) radiation scheme. The CAM3 radiation scheme was
first implemented into WRF by NCAR Regional Climate Modeling team led by Dr. L. R.
Leung, Pacific Northwest National Laboratory (PNNL), in collaborate with NCAR. During
this study, a prereleases version of the scheme, the related WRF codes and essential input
data for the scheme were obtained from NCAR in November, 2005 (Referred to as prereleased CAM3 radiation scheme for WRF hereinafter.). We transferred their implementation
to the WRF standard release versions 2.1.1 (released as of November 8, 2005) and 2.1.2
(released as of January 30, 2006) . The CAM3 radiation scheme has been formally released
in the WRF version 2.2 available on December 22, 2006. The preprocessing capacities for
other adaptation of WRF model system added in NCSU version include the SST update, the
green fraction update and other surface time-varied and static variables from different
sources. Our version currently supports the use of any spatiotemporal resolution SST and
other surface state variables such as vegetation, albedo, and green fraction.
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3.3.2 Boundary Test
At the time we started our adaptation, WRF (V2.0.3) only allows fixed SST ingesting,
one time vegetation input, and a linear 5-point lateral relaxation boundary. We first changed
the lateral boundary buffer zone assimilation scheme to suit the model for long- term
integration.
Basically, all lateral boundary conditions in regional model are over-specified, which
would cause the downstream noise (Staniforth, 1997). However, after introducing some kind
of dissipative and/or diffusive mechanisms, the problem can be eased. The practical
implementation is the introduction of the adjustment region immediately adjacent to the
lateral boundary, i.e., buffer zone. Then by using diffusion mechanisms, the model
unresolved-scale and resolved-scale fields can be merged. The outmost point of the buffer
zone is the coarser prescribed value and the innermost one is the model computed value
(Staniforth, 1997). The practical recommendation of the buffer zone is more than 5 points
and should be as large as feasible.
Fig. 3.3.1 shows the difference in results by using the WRF original linear 5-point
scheme, Giorgi’s scheme (Giorgi et al., 1993b) and Liang’s scheme (Liang et al., 2001). The
different relaxation coefficients in different vertical levels based on Giorgi’s and Liang’s
schemes are applied in our early RCM such as RegCM3 and current WRF model. The
schemes proposed by Giorgi et al. (1993b) and Liang et al. (2001) are a modified version of
exponential relaxation scheme originally proposed by Davies (1976). Both Giorgi’s and
Liang’s schemes are effective and produce satisfactory results in simulation (Giorgi et al.,
1993b; Liang et al., 2001). We originally apply Liang’s scheme in our WRF RCM version
(version 2.0.3) but the implementation decrease the code efficiency. Now we follow Giorgi’s
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scheme without the vertical change as other WRF regional climate modelers do (e.g., Done,
et al. 2005). This current modified Giorgi’s scheme simplifies the implementation in parallel
code and eases the computational and memory load because of the wide buffer zone. We use
10-grid with vertically uniform exponential scheme in our current simulation. The effect of
different buffer zone widths and the 5-grid linear scheme on model performance is also tested
in WRF RCM. We find that 10-grid buffer zone is good enough to assimilate the large scale
fields and can be integrated for a long time without inducing instability in the buffer zone
(Fig.3.3.2). The linear relaxation suffers the boundary problem in the downstream area in
long-term integration.
3.3.3 SST
The SST forcing, as an external forcing for the atmospheric component model in
climate system model, is very critical for regional climate. We applied the SST treatment
both in preprocessing and in our version of WRF in early May, 2005. The treatment of SST
in NCSU version in WRF model is similar to the standard WRF (version 2.1, released on
August 5, 2005). The standard version treatment is better than NCSU version from the
implementation viewpoint. The model results are shown in Fig.3.3.3 before and after
applying SST treatment. The SST experiment indicates that without SST updating, the
precipitation belt will be stagnant in the area where the SST is imposed at the initial time.
The climate becomes dry over land. The results from MM5 (Fig. 3.2.2) also indicate the
significance of SST updating.
3.3.4 Vegetation and Green Fraction
The vegetation and green fraction variables define the surface characteristics
underlying the atmosphere. The variation of the canopy structure and land cover further
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affects the rates of energy and mass exchange between land surface and atmosphere. The
function ingesting time-varied land surface characteristics was added in the model itself by
NCAR. Our preprocessor includes the preprocessing LAI, Green fraction etc. from Moderate
Resolution Imaging Spectroradiometer (MODIS). This preprocessor is designed for the
implementation of Community Land Model (CoLM) (Dai et al., 2003). We have not applied
the real-observed time-varied vegetation for our current model although there are data
available from NOAA AVHRR before 2000 and MODIS after 2000. The vegetation we
currently use is monthly-varied climatology.
3.3.5 Radiation Scheme
Physical understanding of the climate variability and climate change require a climate
system model that takes into account of all relevant climate system components including the
atmosphere, the ocean, land, ice and snow, and biosystem as well as their interactions and
feedbacks among them. To quantify the response of the climate system to changes in external
forcing and to project future climate and climate change, we should rely on the physical
schemes which can account for all of the essential interactions and feedbacks among climate
system model. Since solar radiation is the only external source of energy in our current
climate system, an understanding of the earth's climate and climate change should begin with
a comprehensive understanding of the radiation emitted from the sun and transferred through
atmosphere to the earth, the absorption of solar energy by the atmosphere and surface, and
the emission of thermal infrared energy from the earth-atmosphere system.
A radiation parameterization scheme from Community Atmosphere Model version 3
(CAM3) (Collins et al., 2004) computing the shortwave and longwave transfer processes in
atmosphere has been transferred since December, 2005 after the pre-released CAM3
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radiation scheme for WRF was obtained from NCAR. There is no significant change in
transferring implementation into standard WRF model. All radiation schemes appearing in
WRF model radiation options are summarized in Table 3.3.1.
3.3.5.1 Brief Description of Shortwave Parameterization
This description is a summary based on Collins et al. (2004). The main physics of the
parameterization includes diurnal cycle, aerosol direct effects, cloud optical effects, and
cloud vertical overlap effects. The δ-Eddington solution for a single layer is used (Briegleb,
1992).
The solar spectrum is divided into 19 discrete spectral and pseudo-spectral intervals
(7 for O3, 1 for the visible, 7 for H2O, 3 for CO2, and 1 for the near-infrared ) (Collins, 1998).
The δ-Eddington approximation allows for gaseous absorption by O3, CO2, O2, and H2O.
Molecular scattering and scattering/absorption by cloud droplets and aerosols are included.
The heating rate is evaluated through the difference of the upward and downward
fluxes for each spectral or pseudo-spectral interval and binary cloud configuration across
each boundary interface, and the heating rate summation across the entire spectrum and bins
is added to the nonlinear term Q in the thermodynamic equation.
The data sets for the tropospheric and stratospheric aerosols are separately treated in
the model. The tropospheric aerosol climatology with annual cycle consists of threedimensional, monthly-mean distributions of aerosol mass for all species from offline
assimilation system (Collins et al., 2001; Collins et al., 2002b). The data are hard-wired
currently, but we will change it into standard input for climate change research in the future.
The stratospheric volcanic aerosols are treated by using a single species on an arbitrary
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meridional and vertical grid. The time series is based upon Ammann et al.(2003) and
Stenchikov et al. (1998).
3.3.5.2 Brief Description of Longwave Parameterization
The description is a summary based on Collins et al. (2004). Longwave radiation
transfer is based on an absorptivity/emissivity formulation (Ramanathan and Downey, 1986).
Three major absorbers, H2O, CO2, and O3, are parameterized in CAM3.0. The details of the
parameterization are given in the references of Collins et al. (2002a), Kiehl and Briegleb
(1991), and Ramanathan and Dickinson (1979). Trace gases include CH4, NOx, CFCs, and
minor CO2 bands. The cloud is treated as both the absorber and gray body with emissivities
that depend on cloud phase, condensed water path, and the effective radius of ice particles. A
detailed description can be found in Collins et al. (2004).
3.3.5.3 Test of CAM3 Radiation Scheme
After the CAM3 radiation scheme is transferred, we conducted several tests to
address the effect of the new option on the simulation of precipitation. Fig.3.3.4 shows the
simulated precipitation from different schemes. The simulation shows that both CAM3 and
Goddard Space Fleet Center (GSFC) schemes (Chou and Suarez, 1994) can reasonably
simulate the precipitation band and the amount of precipitation. The simplified shortwave
radiation scheme (Dudhia, 1989) seems to contribute to the precipitation difference because
we use the same longwave scheme, Rapid and accurate Radiative Transfer Model (RRTM)
(Mlawer et al., 1997), in both the GSFC and RRTM experiments. The physical differences
between these two schemes are summarized in Table 3.3.1. We have not identified which
physical process of the radiation scheme mainly contributing to the deviation between them
because the schemes are so different that we do not have a single straightforward variable to
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represent the difference. More careful analysis related to the difference between the radiation
transfer schemes is needed in my future work. Fig. 3.3.5 and Fig. 3.3.6 show the simulated
monthly clear sky upward longwave and shortwave radiation at the surface. The zonal
distributions of the radiation generally agree to those of reanalysis. The model simulates
cooling effect on longwave radiation in the tropical forest region and high OLR in the Sahara
desert and in the Arabian Sea. It also shows the low reflection on shortwave radiation in the
tropical forest region and high reflection in the desert. The extreme centers are also
consistent with those of reanalysis. The strongest model biases on radiation are over the
Sahara Desert and the Somali-Kenya coastal areas. The coastal bias of shortwave upwelling
reflects the dry condition in the area. The over-dry land surface reflects more solar radiation.
The longwave radiation shows the worst bias is in the east of the Congo where the
precipitation bias may cause the warmer surface temperature and then the higher upwelling
longwave radiation. Results also suggest that the CAM3 radiation scheme can well simulate
the longwave and shortwave radiation transfer process in the atmosphere without cloud
contamination. Both CAM3 and GSFC schemes are effective to the precipitation process
because the schemes take into account the radiation and cloud interaction. The GSFC scheme
shows a much stronger effect on the precipitation. The OLR at the top of the atmosphere
(TOA) represents the ultimate radiation budget of longwave radiation, including the cloud
effect, in the atmosphere. Therefore, without an accurate simulation of the distribution of
precipitable water and cloud, the OLR may not be comparable between observation and
simulation results (Fig. 3.3.7).
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3.4 Reinitialization and Spin-up
The 1-day and 3-day reinitialization experiments (Fig. 3.4.1) imply that the
reinitialization may improve the accuracy of dynamic downscaling. Our results indicate that
the reinitialization simulation should be integrated more than 24 hours to minimize the spinup error caused by the inconsistency between the initial fields analyzed from the other data
source and the RCM inherent dynamics in the first few hours and maximize the fine
resolution external forcings to exert theirs effects. This result is consistent to the conclusion
obtained by Bromwich et al. (2001) and Cassano et al. (2001) in the Greenland region. The
short-segment dynamic downscaling should be less than 72 hours with 6-24 hours spin-up
time in order to minimize the lateral boundary condition error. Qian et al. (2003) suggest that
the 10-day reinitialization results in the smallest error in seasonal simulation. Our 3-day
reinitialization experiment indicates that the monthly average of precipitation has been
improved. Precipitation in some land areas, such as the tropical central Africa and the
western Africa, has noticeable improvement (Fig. 3.4.2).
The extended spin-up experiment was also conducted during the test period of the
model. The results suggest that the extra one month spin-up can improve the model
performance in October and November but not in September and December (See Fig. 3.4.1
brown circle). The simulation in September may be worthy of further analysis because all
experiments show the lowest skill. The small improvement in December may imply that 1-2
month spin-ups for continuous simulation may be necessary and enough for seasonal
simulation.
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3.5 Summary and Conclusions
The current WRF new features are summarized in Table 3.2.1 and Table 3.2.2.
According to the experiment conducted with the WRF RCM, the model is capable of
simulating seasonal regional climate without causing computational instability and
substantial bias in precipitation. Introducing the SST treatment significantly improves the
rainbelt shift during the seasonal transition. The pace of ITCZ migration along with the
precipitation is better simulated over both ocean and land except over the Eastern African
coastal region compared to the previous models such as RegCM2 and RegCM3 that we used.
The lateral boundary scheme of exponential relaxation is effective for the RCM. The
radiation scheme is effective in improving the precipitation without other negative
complications. Since the aerosol species is introduced from the offline aerosol data
assimilation system, the model currently can not be used as a tool for climate change research.
The radiation scheme considers the aerosol direct effect. Therefore, if we have the aerosol
data or the atmospheric chemical transfer model that can simulate aerosols and other species,
the aerosol direct effect can be estimated by the radiation transfer scheme.
The initialization and spin-up issues are also brought up when we adapt the model for
regional climate simulation. Currently, the 3-day reinitialization gives the best results.
However, both 1-day and 3-day reinitialization experiments do not significantly improve the
simulation of the precipitation in the Eastern African coastal area. The discrepancy may raise
the question that the model may misrepresent some physics and/or dynamics. For example,
according to the daily precipitation observation from GPCP-1DD, the rainfall period and
spatial distribution are localized and of short duration. At this point, the precipitation trigger
mechanism has not been fully investigated in this study. The possible mechanisms are as
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follows: the model may not resolve or may misrepresent the narrow long mountainous area in
Eastern Africa. According to the document of WRF Standard Initialization, the topography is
interpolated from 30-second topography through 10×10 grids, which is 5-minute by 5-minute,
while the model 60-km grid is about 30-minute in resolution. Although the 1-2-1 smooth
process is implemented, the 60-km grids may still be misinterpreted during processing the
topography. On the other hand, the sub-grid effect is not included in the WRF model, which
should be included (Leung and Ghan, 1998). The convection trigger mechanism may be
underrepresented because of the topography. Other possible misrepresentation of physics
may be from the current deficient surface condition (see further discussion related to SST
issues in Chapters 4 and 5). The snow-free surface albedos of the implemented NOAH land
surface model are prescribed with look-up tabular values depending only on vegetation types
without any dynamic variation. The background albedo is from 10-minute NCEP monthly
albedo. Therefore, the albedo may not reflect the realism of the surface condition in the
region. Liang et al. (2005), based on the MODIS data, have developed a new
parameterization of albedo to solve this simplicity. The parameterization may provide a more
accurate albedo for land surface models and improve the energy budget process on land
surfaces that may influence the general circulation pattern.
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Fig. 3.2.1. Precipitation simulated from RegCM2 and RegCM3.
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Fig. 3.2.2. CRU and simulated precipitation from MM5 with fixed SST.
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Fig. 3.2.3. Reinitialization vs. continuous run for downscaling. The cross-section is at
45˚E during September to December. (a) CMAP observation; (b) 4-month continuous
run; (c) reinitialization every 3 day continuous run; (d) reinitialization every 2-month
continuous run.
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Fig 3.3.1. Relaxation coefficients among different schemes.
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Fig.3.3.2. The effects of Lateral Boundary Condition buffer zone width and relaxation
scheme.
Row (a). 10-grid exponential; Row (b). 5-grid exponential;
Row (c). 15-grid exponential; Row (d) 5-grid linear.
Column 1: September; Column 2: October; Column 3: November.
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Fig. 3.3.3 Precipitation sensitivity to SST in ocean.
Left column with SST update; Right Column without SST update.
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Fig. 3.3.4a. Precipitation from different radiation schemes (September).
Top panel: CAM3; Middle panel: GSFC-RRTM; Bottom panel: RRTM-Simple.
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Fig. 3.3.4b. Precipitation from different radiation schemes (October).
Top panel: CAM3; Middle panel: GSFC-RRTM; Bottom panel: RRTM-Simple.
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Fig. 3.3.4c. Precipitation from different radiation schemes (November).
Top panel: CAM3; Middle panel: GSFC-RRTM; Bottom panel: RRTM-Simple.
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Fig.3.3.5a. The monthly clear sky upward longwave radiation at surface.
Left column: NCEP/NCAR reanalysis; Right Column: WRF-CAM3 radiation.
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Fig.3.3.5b. The monthly clear sky upward longwave radiation at surface.
Left column: NCEP/NCAR reanalysis; Right Column: RRTM radiation.
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Fig.3.3.6a. The monthly clear sky upward shortwave radiation at surface.
Left column: NCEP/NCAR reanalysis; Right Column: CAM3 radiation.
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Fig.3.3.6b. The monthly clear sky upward shortwave radiation at surface.
Left column: NCEP/NCAR reanalysis; Right Column: GSFC radiation.
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Fig.3.3.7. Monthly Outgoing Longwave Radiation at TOA.
Left column: NCEP interpolated observation; Right Column: CAM3 radiation.
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Fig.3.4.1. Taylor diagram of precipitation for different reinitialization and spin-up. 3-day
reinitialization (red); 1-day reinitialization (blue); continuous run initialized at 06z 09/01/97(green);
continuous run initialized at 06z 08/01/97(brown).

Fig.3.4.2. Simulated Precipitation by 3 day reinitialization.
September (top left); October (top right); November (bottom left); December (bottom right).
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WRF Version
V2.01

V2.0.2
V2.0.3

V2.0.3.1

Table 3.2.1. WRF development at NCAR.(Source: http://www.wrf-model.org)
Release date
Physics and Capacity
05/21/2004
• Correct a problem related to compilation and execution of the
model using OpenMP options
• Allow thread-safe computation
06/03/2004
• Add one-way nesting capability
• Add Nesting compile for SGI
11/12/2004
This is a major release
• Updates
o Add the 2nd order Smagorinsky diffusion
o Allow Feedback in two-way nesting for even nest ratio
o Zero out very small and negative microphysics variables
o Zero out negative water vapor field
o Changeable base temperature, pressure and lapse rate
o Check full eta-level
o Optimize WSM3/WSM5
o Update BMJ, MYJ, Ferrier physics
o IO capability and machine allowed added
o Prototype capability for moving two-way nest
• Bug Fixed
o Corrections for specified boundary conditions for
geopotential and wind
o Correction for seaice interpolation used for 5-layer soil
model
o Correction for Lin scheme for temp ~ -83 C
o Correction for diagnostic variables T2 and Q2 in 5-layer
soil model
o Correction for RRTM longwave radiation scheme for
possible problem
o XLAND interpolated correctly using categorical method
for nest initialization
o Add precipitation to forcing and feedback
o An others for IO, ideal run, TKE and non physical
scheme correction
12/03/2004

We start from here
• Update
o The albedo value for urban and build-up land category
o More computer compatibility
• Bug fixed
o Correction for lateral boundary file which has a wrong
dimension
o Correction for nest time stepping when it has a non-zero
fractional seconds
o Correction for GMT calculation
o Change Cp (specific heat at constant pressure) value in
the new KF scheme from 1005.7 to 1004.5
o Modify the new option mp_zero_out to take care of
boundary value
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WRF Version
V2.1

V2.1.1

Table 3.2.1. WRF development at NCAR(cont’).
Release date
Physics and Capacity
08/05/2005
This is a major release
• Update
o New microphysics scheme from Thompson
o Efficiency improvement for WSM3 and WSM5
o Improve round-off accuracy
o Ferrier update
o KF scheme: prevent out-of-range arrays
o BMJ scheme update
o Grell-Devenyi ensemble scheme: add map factor to
forcing term
o YSU scheme: limit entrainment velocity, and use
potential temperature instead of temperature internally
o MYJ scheme: update
o 5-layer scheme: uses snow albedo
o Noah LSM: correction to 2 m mixing ratio diagnostics
o RUC LSM: can use background albedo
o MO surface layer scheme: prevent division by zero in
diagnostic calculation
o MYJ surface scheme: update
o Prevent passing negative rain tendency to surface
schemes
o GFDL radiation: update
o GSFC radiation: fix for southern hemisphere
climatological ozone
o Other efficiency update
o Diffusion and filter change
o Nesting, initialization and restart update
o SST and greeness fraction may be incrementally updated
during long model simulations
o Dynamics update
o Automatic moving nest using a mid-level vortex
following algorithm
o Improved moving nest with specified moves
o Memory efficiency improved
o Add GriB 1 input
o WRF-Var and model code synchronization
o ESMF integration
11/08/2005
• Bug fix
o Cycle surface roughness length and frictional velocity
o Charnock constants change to standard number
o MYJ surface scheme update
o Noah LSM: skin temperature calculation dependent on
surface air temperature
o Changes for MYJ PBL
o Thompson scheme update
o Efficiency improvement for WSM6
o Betts-Miller-Janjic scheme
o GSFC radiation
o Nesting boundary problem fixed
o Interpolation routine for nesting
o IO and restart problem fixed
o Software update and bug fied
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WRF Version
V2.1.2

Table 3.2.1. WRF development at NCAR(cont’).
Release date
Physics and Capacity
1/30/2006
• Bug Fix
o YSU: minor correction
o MYJ PBL update
o MYJ SFC update
o Thompson scheme: correction for snow/rain accretion
process
o Cloud ice and snow tendencies from KF/GD are passed
back to solver
o GD: correction for latent heat release constant, affect
moist static profile computation
o BMJ: Fix computations of saturation sp. hum. for very
cold T
o GSFC short-wave radiation update
o GFDL radiation update
o Dynamics update
o Program real handles nest in this version
o Restart with SST update option from a single file is
fixed
o Software update especially for long runs
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WRF Version
V2.0.3.1
V2.0.3.1
V2.1
V2.1
V2.1.1

Update date
02/2005
05/2005
08/2005
09/2005
11/2005

V2.1.1

01/2006

V2.1.2
V2.1.2

02/2006
05/2006

Table 3.2.2. WRF implementation at NCSU.
Physics and Capacity
Lateral boundary condition exponential relaxation
SST update allowed
LBC exponential relaxation allowed
SST OI-weekly, monthly update allowed
Update SST and green fraction capacity for any time interval
Initialization capability for external forcing data
CAM3 radiation package added (pre-released version from NCAR)
Allow MCEL capability for coupling with other model components
with the help of NCAR (John Michalakes)
Update to standard WRF V2.1.2 with CAM3 radiation
Community Land Model added (Original code from Georgia Tech,
implemented in WRF) (Dai et al., 2003)
Initialization has not yet finished
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Table 3.3.1a. Comparison of physics in different longwave radiation transfer schemes.
(Source: http://www.wrf-model.org).
Scheme
RRTM-LW
Mlawer et al. (1997)

GFDL-LW
Fels and Schwarzkopf (1975)
Schwarzkopf and Fels (1991)

CAM3-LW
(Ramanathan & Downey, 1986)

Feature
• Method:
o Correlated-k
o Look-up table
• Molecular species:
o H2O
o CO2
o O3
o CH4
o NOx
o Halocarbons
o Trace gases
o Cloud optical depth
• Data
o Climatology O3 & CO2
• Method
o Simplified exchange approximation
o Look-up table
• Molecular species:
o H2O
o CO2
o O3
o Clouds overlap
• Data
o Climatology O3 & CO2
• Method
o Nonisothermal emissivity/absorptivity
o Broad band model approach
o Line-by-line radiative transfer for H2O
• Molecular species
o H2O
o CO2
o O3
o CH4
NOx
o
o CFCs
Minor CO2
o
• Physical Processes
o Major obsorption: H2O, CO2, O3
o Absorption of trace gases
o Minor CO2
o Gray bodies with emissivities for cloud
o Cloud overlap
• Data
o Absorptivity and emissivity for H2O
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Table3.3.1b. Comparison of physics in different shortwave radiation transfer schemes.
(Source: http://www.wrf-model.org).
Scheme
Simplified-SW
Dudhia (1989)

Goddard-SW
Chou and Suarez (1994)

GFDL-SW
Collins et al. (2004)

CAM3-SW
Collins et al. (2004)

Feature
• Method
o Downward integration
o Look-up table
• Physical process
o Clear-air scattering
o Water vapor absorption
o Cloud albedo and absorption
• Method
o Spectrum
• Molecular species
o O3
o H2O
o O2
o CO2
o Clouds
o Aerosols
• Physical Process
o Four band
o O3 & H2O absorption
o Rayleigh scattering
o Molecular Scattering
o Rayleigh scattering
• Method
o Daylight-mean cosine solar zenith angle over the time
interval
• Molecular species
o H2O
o O3
o CO2
o Clouds
• Physics Process
o O3, CO2 & H2O absorption
o Cloud overlap
• Method
o δ-Eddington
o Spectrum
• Molecular species
o O3
o CO2
o O2
o H2O
o Clouds
o Aerosols
• Physical Processes
o Gas absorption by O3, CO2, O2, H2O
o Molecular scattering
o Scattering/absorption by cloud droplets and aerosols
o Diurnal cycle
o Cloud vertical overlap
• Data
o 3-D monthly tropospheric aerosol climatology of aerosol
mass

105

Chapter 4. Impact of SST Specification on Surface Climate in the Western Indian
Ocean Basin in 1997
4.1 Introduction
The ocean’s influences on both daily weather events and global climate variability are
a well known knowledge, for example, the response of Southern Oscillation (Walker, 1924;
Walker and Bliss, 1932) and Hadley circulation to equatorial anomalies of ocean temperature
(Bjerknes, 1966). Sea surface, as an interface between atmosphere and ocean, plays an
important role in air-sea fluxes and energy exchange. The Indian Ocean is one of the warmest
SST oceans on the Earth. Indian Ocean SST anomalies (SSTAs) have been studied in many
aspects such as the association with Asian monsoon (e.g., Ansell et al., 2000; Krishnamurti,
2006), the East African short rains (e.g., Hastenrath et al., 1993; Black et al., 2003), and the
southern and East Africa rainfall during the austral summer (e.g., Latif et al., 1999; Goddard
and Graham, 1999). Therefore, before we discuss the relation between the SSTA in the
Indian Ocean and the precipitation anomaly in the East Africa we have to understand what
physical connection is among SST, SSTA and the atmospheric response.
Recent satellite observations demonstrate that there is remarkable influence of SST
on low-level winds throughout the world ocean (Chelton et al., 2004; Xie, 2004). Moreover,
Thiébaux et al. (2003) documented that SST forcing may play a significant role on numerical
weather prediction in the east coastal areas of the United States. The overprediction of winter
storm by the Eta model (Black, 1994) on 2 December and during 18-19 December 2000
indicate that the development of coastal cyclone is sensitive to the accuracy of SST
(Thiébaux et al., 2003). Chelton (2005), by comparison between low-level winds with
different spatiotemporal resolutions of SST and the NASA's Quick Scatterometer
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(QuikSCAT) satellite observed wind stress, concludes that the ECMWF wind stress fields are

sensitive to the specification of SST. The stress fields rapidly respond to spatial and temporal
variations in the underlying SST fields.
Intuitionally, the convection preferentially occurs over the warm SST area. However,
as suggested by Neelin et al. (1998), this relation is far from perfect. The whole dynamics
and thermodynamics of the observed relationship between SST and low-level winds are not
completely understood yet (Neelin et al., 1998). There have been several attempts to explain
the observed relationship between tropical convection and SST through shallow water type
dynamics by including different physical mechanisms (e.g., Webster, 1981; Zebiak, 1986;
Neelin and Held, 1987; Davey and Gill, 1988; Hendon, 1988; Kleeman, 1991; Wang and Li,
1993). The center problem of atmospheric response to SSTs is how to obtain the wind and
convective heating from the forcing (Q), which can be parameterized through SST and/or the
overlying air temperature. Neelin et al. (1998) also pointed out that the different approaches,
either through parameterizing the convective heating as proportional to convergence
(Webster, 1981; Zebiak, 1986), or through using a lower level moisture budget to give the
convective heating (e.g., Neelin and Held, 1987; Davey and Gill, 1988; Hendon, 1988;
Kleeman, 1991; Wang and Li, 1993), or through forcing low-level winds and convergence by
SST gradient (Lindzen and Nigam, 1987), converge to similar equations and yield models
mathematically equivalent to Gill model (Gill, 1980), which is used to examine the
atmospheric response to prescribed diabatic forcing. The general form of this type of simple
atmospheric model according to Neelin et al. (1998) is as follows:

ε a u a − fv a +

∂p
=0
∂x
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ε a v a + fu a +
ε a p + c a2 (

∂p
=0
∂y

∂u a ∂v a
) = −Q
+
∂x
∂y

where ε a is an inverse damping time, u a and va are atmospheric low-level velocities, p is a
pressure perturbation scaled by mean density, Q is the forcing, and ca is the effective phase
speed. We have to emphasize that p can be taken through a layer mean temperature
perturbation Ta (e.g. Neelin and Held, 1987), Q can be parameterized in different ways with
different physical processes in association to SST and Ta. Chelton (2005) indicated that the
strong SST gradient can increase about a factor of 2 in the amplitudes of SST-induced
perturbations of wind stress field. However, the amplitudes are still underestimated by about
a factor of 2 compared to QuikSCAT observed wind stress. The bias can be attributed to the
underrepresentation of SST gradients and the ocean-atmosphere coupling (Chelton, 2005).
Another mechanism of SST forcing effect is through the influence of SST on the stability of
the marine atmospheric boundary layer (MABL) (Sweet et al., 1981; Wallace et al., 1989).
Their mechanism is that the warm water heats the overlying atmosphere, decreases the
stratification and destabilizes the MABL. As a result, the vertical turbulent mixing is
increased and the MABL is deepened. The mixing of momentum homogenizes the MABL
and results in the enhancement of the wind stress at the sea surface.
4.2 Data
Two SST datasets are utilized in this research. One is a weekly OI-SST on a onedegree latitude-longitude grid. The SST data set uses in situ and satellite SSTs plus simulated
SSTs over ice-covered regions. A description of how to analyze the OI-SST can be found in
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Reynolds and Smith (1994). A summary about this dataset based on Reynolds and Smith
(1994) is described in Chapter 2. Another one is the MODAS-SST with 1/8 degree latitudelongitude resolution from 80˚S to 80˚N released in August 2006. The dataset is a
combination of optimal interpolation (OI) and climatologically corrected persistence. It
balances eddy-resolving spatial and daily temporal resolution with improved transitions in
time and space across cloud-obscured regions to eliminate data voids (Barron and Kara,
2006).
4.3 Model Description and Experiment Design
4.3.1 WRF RCM Dynamics and Physics
The WRF model (Skamarock et al., 2005) has been adapted for regional climate
application. The WRF model used here is based on version 2.1.2. A detailed discussion of the
modification is described in Chapter 3. The key modifications compared to the stand version
2.1.2 are SST processing in the pre-processor and radiation scheme (see Chapter 3 for
details). The dynamic core is non-hydrostatic Eulerian mass advanced research WRF core.
The lateral boundary condition relaxation zone is an exponential scheme with a 10-point
buffer zone. The domain is 270 points in the west-east direction and 120 points in the southnorth direction centered at (4˚S, 47.5˚E) with 31 vertical levels. The grid size is 60km in the
Mercator projection. The model top level is at 50 hPa.
Main physics include as follows: (1) a relatively sophisticated microphysics PurdueLin scheme (Lin et al., 1983; Rutledge and Hobbs, 1984; Tao et al., 1989; Chen and Sun,
2002); (2) Kain-Fritsch cumulus scheme (Kain and Fritsch, 1990,1993; Skamarock et al.,
2005); (3) MM5 similarity theory which is enabled to compute surface exchange coefficients
for heat, moisture, and momentum (Paulson, 1970; Dyer and Hicks, 1970; Webb, 1970;
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Baljaars, 1994; Zhang and Anthes, 1982); (4) using the Charnock relation to calculate
roughness length from the friction velocity over water; (5) Noah LSM scheme (Chen and
Dudhia, 2001); (6) The Yonsei University PBL scheme (Skamarock et al., 2005); (7) CAM3
radiation scheme (Collins et al., 2004).
4.3.2 Experiment Design
Table 4.3.1 summarizes the experiments in this study. The control run including full
physical processes with 1/8 degree MODAS SST forcing updated every 24 hours, the
vegetation is also updated with climatologic vegetation every month. The model is initialized
at 06Z September 1, 1997 and continuously run for 120 days. Sensitivity experiments include:
1 degree OI-SST weekly update, which comes from the NCEP optimal interpolation weekly
SST version 2; 1/8 degree MODAS weekly mean SST averaged from daily MODAS-SST; 1
degree MODAS daily SST which is area-averaged from 1/8 degree MODAS daily SST; 1/8
degree MODAS monthly SST averaged from 1/8 degree MODAS daily SST.
4.4 SST Analysis
Fig. 4.4.1 shows the SST gradient with different resolutions in space and time. In
order to compare the model actual SST forcing, the SSTs are interpolated onto WRF model
grids. The main difference is: in space, the original MODAS-SST is 1/8 degree latitudelongitude grid data while OI-SST is 1 degree resolution; in time, MODAS-SST is daily while
OI-SST is weekly. Therefore, the 60 km SST interpolated from MODAS daily SST can
describe smaller scale oceanic phenomena such as warm tongue in the IODM area with better
local feature, sharper SST gradient along coastal areas in spite of reducing resolution from
the original MODAS-SST than the SST interpolated from OI-SST (Figure not shown).
MODAS daily SST has more significant details compared to weekly OI-SST qualitatively
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(e.g., Fig. 4.4.2). Fig. 4.4.3 also demonstrates the frequency of gradient between MODASSST and OI-SST at WRF 60 km grid. The most frequent gradient occurs within the range of
0.2-0.7 ˚C per 60 km (MODAS-SST: 87.8%; OI-SST 89.3%) from September 1 to December
30, 1997. The maximum frequency of both data sets is in 0.4-0.5 ˚C per 60km (MODAS-SST:
27.7%; OI-SST 25.1%). The results also indicate that MODAS-SST describes more details of
SST field in space than OI-SST does. These results are comparable to the analysis in East
Pacific cold tongue with OI weekly and 0.5 degree latitude-longitude resolution Real-Time
Global (RTG) SST data (Chelton, 2005). The Dipole mode index (DMI) analysis also
indicates that the MODAS-SST presents a 20-day oscillation (Fig.4.4.4). The analysis
suggests that the temporal resolution may not be as dramatically change as spatial resolution
for MODAS-SST. The temporal resolution increase may not be as important as spatial
resolution increase for MODAS-SST.
4.5 Results
Fig.4.5.1 is a comparison of 2M air temperature and 10M wind in 1997 between the
simulation using MODAS daily SST and ERA-40 reanalysis. The results indicate that the
model can generally reproduce several features: the reverse of prevailing winds along the
coast of Somali from southwesterly in the boreal fall to northeasterly in the boreal winter,
and the prevailing winds over Atlantic and the eastern Indian Ocean. In general, the model
also reproduces the temperature distribution over ocean and land.
However, WRF RCM produces lower temperature over ocean and higher temperature
over land which reduces the contrast over the coastal area and limits the development of the
sea breeze circulation which is important for transporting moisture into the land in the region,
and results in precipitation bias in the East Africa in the model.
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Surface temperature (i.e., 2-meter air temperature) is a diagnostic variable which is
derived from skin temperature and surface pressure. The skin temperature over the ocean is
directly adopted from the SST while the skin temperature over the land is calculated by the
thermal budget and diffusion equation. Therefore, the contrast bias of skin temperature over
land and ocean is intuitionally from two sources: one is from the uncertainty of the
prescribed SST; the other is from the land surface scheme which produces the skin
temperature through the energy budget and thermal diffusion of the energy in land soil.
Based on this physical process, we conducted two sensitivity experiments by adding
artificially ±4K to the SST over the coastal area along the Somali. The simulated
precipitation indicates that the increased SST can produce enhanced precipitation in the high
SST center and spread it into the coastal area while the decreased SST can shrink the
precipitation area from the coastal area (Fig. 4.5.2). The coastal precipitation is totally missed
in the reduced SST simulation. The normal SST experiment also misses the precipitation in
the East Africa area where we have discussed above because of the weaker surface
temperature contrast between the ocean and the land. The sensitive experiments indirectly
corroborate the hypothesis that the bias in the simulated precipitation may be caused by the
misrepresentation of the contrast of the surface temperature over the land and the ocean.
Therefore, physical processes related to skin temperature calculation are a main focus to
investigate the bias of the coastal precipitation simulation. The land surface process is a
possible physical process to improve the skin temperature prediction. Further sensitivity
experiments are needed to confirm the above hypothesis.
The uncertainty of the prescribed SST data is another major concern in this research.
We designed three experiments to address the SST forcing uncertainty: OI-SST weekly, 1/8
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degree latitude-longitude resolution MODAS weekly SST averaged from original daily
MODAS-SST, and 1/8 degree latitude-longitude resolution MODAS monthly SST averaged
from daily MODAS-SST, to force the model. The results indicate that, in general, there is no
substantial improvement on the monthly mean precipitation distribution when the SST
forcings have same resolution (Fig.4.5.3). However, the weekly SST forcing experiment
does produce the best skills for October and November compared to those other experiments
forced by the daily and the monthly averaged MODAS-SST. Compared to the OI-SST
forcing experiment, the MODAS-SST experiments have significant improvement in
precipitation simulation especially in October, November and December. Hence, we
conclude that the temporal resolution of the SST forcing is not a critical factor in improving
the simulation of monthly averaged precipitation. As long as the prescribed SSTs present
similar SST gradients and distributions in space, which are important to wind stress and heat
flux exchange, the model can reproduce similar precipitation distribution. The spatial
resolution of SST forcing is important to obtain the pronounced improvement in precipitation
simulation.
4.6 Conclusions and Discussions
Based on the above research, we may draw the following conclusions:
1. For this region, the model reproduces the major regime transition from
southwesterly to northeasterly which is attributed to the contrast change of surface
temperature over land and ocean. The simulation of the correct regime transition implies that
the WRF RCM itself catch the seasonal large-scale circulation change in the region. The
distributions of surface variables are also harmonious with the ERA-40 reanalysis. The
pattern correlation of precipitation is about 0.5-0.6 and the normalized standard deviation is
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about 1.0-1.50 for MODAS-SST experiment. These results indicate the model can generally
reproduce the pattern and amplitude of the precipitation in the region.
2. The precipitation distribution is one of the major difficulties for climate prediction
and weather forecast. From our current analysis, the simulated precipitation error mainly
comes from the errors of the surface temperature contrast over the land and the ocean. The
mechanism is similar to formation of monsoon. It can be stated as follows: during the boreal
late fall to winter, the surface air temperature contrast is high over ocean and low over land in
this area; this contrast is beneficial to the moisture transported into the East Africa from the
Indian Ocean. Because the moisture transport is the major source of the precipitation in the
region (further discussion in Chapter 5), the variability of the land-sea thermal contrast
affects the efficiency of the moisture transport and further affects the coastal precipitation.
When the surface air temperature, either over land or over the ocean, is altered, the contrast is
changed as well. The enhanced contrast can increase the precipitation through increasing the
moisture transport into land and vice versa.
3. The precipitation is not sensitive to the temporal resolution of MODAS-SST
forcing, although the daily high resolution SST can improve the precipitation to certain
extent. The spatial high resolution SST can improve the precipitation simulation skill
noticeably.
Some studies on short-term forecast have corroborated the possibility of the SST
impact (Thiébaux et al., 2003; Chelton, 2005). However, the precipitation seems to be more
sensitive on spatial resolution than temporal resolution. The reason which may also cause this
issue is the similarity of MODAS-SST dataset among daily, weekly and monthly MODASSSTs. MODAS-SST is a combination of optimal interpolation and climatologically corrected
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persistence. The method used for filling the cloud-obscured data voids is the analyzed first
guess that relaxes up to 60 days climatologic average when the data void, the first guess and
its expected error tend to nudge toward the climatologic mean and the standard deviations
during the extended cloudy periods (Barron and Kara, 2006). This treatment of the void data
may cause high temporal correlation and persistence in the dataset then result in temperature
similarity among different time scale especially in the area where the cloud contaminates the
observation of SST.
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Fig.4.4.1. The SST gradient in 1997.
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Fig.4.4.2. Example of MODAS daily SST and OI weekly SST.
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Fig.4.4.3. The Histogram of the SST gradient. The bin width is 0.1 ˚C per 60 km.

Fig.4.4.4. The power spectrum of the MODAS daily SST.
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Fig.4.5.1. 2M air temperature and 10M surface wind.
ERA40 (top 4 panels); WRF RCM (bottom 4 panels).
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Fig. 4.5.2a. Precipitation simulated by WRF RCM. Top left: +4K SST
anomaly; Top right: -4K SST anomaly; Bottom left: WRF RCM with
NCEP/NCAR reanalysis SST (September).
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Fig. 4.5.2b. Precipitation simulated by WRF RCM. Top left: +4K SST
anomaly; Top right: -4K SST anomaly; Bottom left: WRF RCM with
NCEP/NCAR reanalysis SST (October).
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Fig. 4.5.2c. Precipitation simulated by WRF RCM. Top left: +4K SST
anomaly; Top right: -4K SST anomaly; Bottom left: WRF RCM with
NCEP/NCAR reanalysis SST (November).
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Fig.4.5.3. Relationship between SST resolution and precipitation.
Weekly MODAS SST (Orange); Monthly MODAS SST (Brown); Daily
MODAS SST with Vegetation annual change (Green); Daily MODAS
SST w/o Vegetation annual change (Blue); Weekly OI SST (Red).
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Table 4.3.1. SST Sensitive Experiments.
Experiment Names
1997
Control
X
OI-SST weekly
X
MODAS-SST Weekly
X
mean
MODAS-SST 1˚×1˚ Area
X
Average
MODAS-SST Monthly
X
OI-SST 3day reinit
X
OI-SST +4K
X
OI-SST -4K
X
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Chapter 5. The Interannual Climate Variability in the Tropical Indian Ocean and East
Africa
5.1. Introduction
The East Africa coast centered in Kenya experiences two distinct rainy seasons: the
March-April-May (MAM) “long rain” and the October-November-December (OND) “short
rain”. The two rainy seasons are relatively independent each other and show their own
interannual variability. Although the main rainy season occurs in the MAM, the OND rainy
season shows a larger degree of interannual variability (Fig.5.1.1). Rain in MAM also shows
the decreasing tendency from both CMAP and GPCP data, which is in accord with the
recently reported drop of great lake levels in Africa in the news
(http://news.yahoo.com/s/ap/20061209/ap_on_sc/warmer_world_african_lakes). If the rain
amount during the main rainy season keeps decreasing as the trend shown in the data during
the recent years, the lake levels drop will become faster and faster.
The tropical East Africa rainy season typically reaches maximum strength from
December through March. Most locations receive more than 75% of their mean annual
rainfall during the rainy season, with some parts in the northwest receiving 90% of their
normal annual rainfall (Bell et al., 1999). The interannual variability of rainfall in the “long
rains” of MAM over tropical East Africa shows a strong relationship to the ENSO cycle
(Ropelewski and Halpert, 1987), with below-normal rains typically observed during El Niño
episodes and the above-normal rains observed during La Niña episodes. In contrast, the
“short rains” of OND are strongly correlated with ENSO, with the rainfall being enhanced
during warm ENSO years (Nicholson et al., 1996; Schreck and Semazzi, 2004). Meanwhile,
Indian Ocean Dipole Mode (IODM) accounts for about 12% of the SST variability in the
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Indian Ocean and causes severe rainfall in East Africa and drought in Indonesia (Saji et al.,
1999). Therefore, both ENSO and IODM contribute to the precipitation anomaly in East
Africa.
From the conventional viewpoint of the general circulation, there are two primary
theories that connect the climate anomalies over East Africa and ENSO events. The first
theory is associated with global SST anomaly during the warm ENSO episode. During the
warm phase of ENSO, it tends to enhance moisture availability which is related to the buildup of positive SST anomalies over the Indian and Atlantic Ocean basins. Both enhanced
moisture availability and convection over the warm SST anomaly area are beneficial to
positive rainfall anomalies during the “short rains”. The second theory tends to weaken the
effect due to the longitudinal shifts of the rising branch of the Walker circulation. During the
warm phase of ENSO it is associated with reduced surface pressures due to the higher
temperatures over the Indian Ocean adjacent to East Africa. The reversal in surface pressure
gradient departures could result in offshore wind anomalies and hence suppress the transport
of moisture toward the interior of the region. The controversial effects from the conventional
understanding arouse the thinking that there may be other mechanisms related to the East
Africa inter-annual rainfall anomaly.
Concerning IODM, the mechanisms proposed by Saji et al. (1999) and Webster et al.
(1999) respectively illustrate that the IODM and coupled ocean-atmosphere dynamics of the
Indian Ocean resulting in the abnormally heavy rainfall in tropical East Africa during the
“short rain” season in 1961 (Flohn, 1987) and 1997 (Bell et al., 1998). The mechanism can
be summarized based on (Webster et al., 1999) as follows: given a source of moist air from
the Indian Ocean, strong convection develops over the heated land mass of East Africa
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during autumn of the IODM year, enhancing the equatorial easterly flow. As a result, Ekman
transports, driven by the easterly anomalies, produce the Ekman ridge just south of the
equator. In seeking equilibrium, ocean Rossby wave dynamics cause the ridge to propagate
westward which, in turn, deepens the thermocline to the west of the source of the Ekman
convergence. With a deeper thermocline and reduced upwelling, the western Indian Ocean
continues to warm, thus maintaining the driving force of the anomalous easterly surface
winds. In this manner, the Ekman ridge is sustained, allowing for a continual eastward
propagation of the equatorial ocean Rossby waves (Saji et al., 1999; Webster et al., 1999).
In 1997, on one hand, a strong ENSO started in April and then gradually intensified
until it reached its peak in December and finally decayed in the middle of June, 1998 (Fig.
5.1.2). On the other hand, a positive dipole also started in the summer and progressed to its
maximum in October then demise quickly in November, 1997. Both of the climatic
backgrounds, from the standing point of the moisture availability and convection, are
favorable to the abnormally heavy rain in the region of East Africa and its vicinity (Webster
et al., 1999; Saji et al., 1999; Spencer et al., 2005).
5.2 The Diagnosis of the Water Vapor Source
5.2.1 Basic Conservation Principles
Considering water vapor budget in a limited region, the conservation of the quantity
of water, w, is vertically integrated into the local change, water vapor transport, and the
source in a column atmosphere from bottom to top. The diagnostic equation becomes
∂w
1
+∇⋅
∂t
g

∫

ps

0

qVh dp = E − P ,
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where w is water vapor in the column; E and P are the rates of evaporation and precipitation,
respectively; q is the specific humidity; Vh is horizontal wind; g is gravity constant; and ps is
surface pressure. For a region, the above equation will be summed up on all columns within
the region, i.e.
⎫
⎧ ∂w ⎫ ⎧ 1 ps
⎨ ⎬ + ⎨∇ ⋅ ∫0 qVh dp ⎬ = {E} − {P},
⎩ ∂t ⎭ ⎩ g
⎭
where

{ } is a space average over a region. Except in the case of severe storms and for short

intervals of the time when the phase change occurs, the local change can be regarded as
⎧ ∂w ⎫
steady state or quasi-steady state; i.e. ⎨ ⎬ is a very small quantity compared with other
⎩ ∂t ⎭

terms. Therefore, the final diagnostic equation for regional climate water budget can be
written as
⎧ 1
⎨∇ ⋅
⎩ g

∫

ps

0

⎫
qVh dp ⎬ = {E} − {P},
⎭

where the left-hand side is the water vapor transport and the right-hand side is the balance of
local evaporation and precipitation. For sufficient long time, divergence of water vapor is
found over those regions where evaporation exceeds precipitation. If we move {P} to the left
⎧ 1
side and ⎨∇ ⋅
⎩ g

∫

ps

0

⎫
qVh dp ⎬ to the right side, then the diagnostic equation becomes
⎭

{P} = {E} − ⎧⎨∇ ⋅ 1 ∫0

ps

⎩

g

⎫
qVh dp ⎬ .
⎭

Hence the regional precipitation is determined by two terms: the local evaporation
which relates to soil moisture reservoir, and the divergence or convergence of moisture in the
region. The precipitation is proportional to the local evaporation and water vapor divergence.
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The evaporation in a land surface scheme is usually complicated with parameters of
land surface and other land variables. However, according to the conclusion of Koster and
Milly (1997) based on the Project for the Intercomparison of Land-Surface Parameterization
Schemes, the complexity of evaporation can be empirically approximated by a simple linear
function of soil moisture. Therefore, the physical relationship can be expressed as

{P} = { f (M soil )} − ⎧⎨∇ ⋅ 1 ∫0

ps

⎩

g

⎫
qVh dp ⎬ .
⎭

The physical interpretation is that the local precipitation is proportional to two terms:
the soil moisture and the water vapor divergence.
5.2.2 The Moisture Transport Channel in the East Africa
Considering the extent of the availability of data since the late 1970’s because the
global observing system was significantly upgraded by the additional types of observations,
the ERA-40 data has significantly improved in consistency compared to other data sets after
1979 (Simmons et al., 2004). We used ERA-40 data from 1979-2001. Fig. 5.2.1 indicates the
vertical integral of water vapor flux and divergence of the moisture flux climatology of ERA40 during this time. The convergence of moisture fluxes demonstrates that the migration of
the convergence is consistent to the annual cycle of the shift of the ITCZ both over the ocean
and over the continent as well as the movement of the rainbelt. In the East African region, the
main convergence periods from March to May and October to December are coincident with
the “long rains” and “short rains” months. From the vertical integral of the water-vapor flux
vector fields, we can conclude that the major moisture channel is from the Indian Ocean in
East Africa. This is consistent to the simulation of Anyah (2005). The moisture convergence
role on the heavy rain is also corroborated in other regions (Xu et al., 2003; Qian et al., 2004).
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The variability of the moisture transport channel and the moisture availability is one of the
main factors that influence the precipitation. The Indian Ocean condition change and its
induced south Asian monsoon variability, which is the warmer Indian Ocean strengthens the
south Asian monsoon and vice versa (Yoo et al., 2006), alter the moisture transport channel
and availability in the East Africa region. Fig. 5.2.2 also shows the vertical integral of watervapor flux and divergence of moisture flux during 1994-1998 when the period coincidently
corresponded to two major events of the positive IODM in 1994 and 1997, and two of the
negative IODM in 1996 and 1998, respectively (Fig. 5.2.3). Changes of the moisture
conditions in the region are well harmonious to the IODM variation, which is the direct
factor influencing the moisture source. It is worthy of reiterating that a strong warm ENSO
also took place after June, 1997, which has been manifested as a strong signal of the positive
anomaly of precipitation in literatures (e.g., Webster et al. 1999; Schreck and Semazzi, 2004;
Spencer et al., 2005). The ENSO, superimposing on a strong IODM which is corroborated as
an independent oceanic signal (Saji and Yamagata, 2003), enhances mutually on the
extraordinarily heavy rainfall. Intuitively, the ENSO exerts its effect on regional climate in
the region through the proxy-IODM in that the IODM is the direct physical factor in this
region from the moisture availability.
5.2.3 The Interaction between Soil Moisture and Precipitation
It has been speculated that the soil moisture may sustain itself through landatmosphere feedback. The wetter-than-normal soil moisture from previous precipitation
events maintains the higher-than-normal evaporation in the subsequent weeks and affects the
surface albedo, the latent and sensible heat. As the above diagnostic equation indicates,
regional precipitation at climatic time scale is determined by two factors, moisture
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divergence/convergence and local evaporation which is proportional to soil moisture, Early
study by Namias (1952) demonstrates that spring precipitation and soil moisture can impact
summer precipitation in the interiors of continents. More recent studies by GCMs have
corroborated the Namias’ assertion. Shukala and Mintz (1982) emphasize that the soil stores
some moisture it receives from the precipitation in the early season and then uses the
moisture to humidify the atmosphere during the summer. The difficulty is how to show the
evidence that the local evaporation or humidity from the soil can convert or contribute to
local/remote precipitation. Actually, there is no regional or continental scale observational
soil moisture available that can provide the direct evidence to support the connection.
However, the atmospheric general circulation models (AGCMs) suggest that the soil wetness
anomalies definitely affect precipitation in the atmosphere (e.g. Shukala and Mintz, 1982;
Yeh et al., 1984; Oglesby and Erickson, 1989; Dirmeyer, 2000). Koster et al. (2003) also
provide the analogue of the observational evidence of the connection by analyzing the
features of the observational precipitation and those from the land-atmosphere coupled
AGCM.
Besides the direct feedback between precipitation and soil moisture, there exists an
implicit effect affected by soil moisture on the surface albedo. Charney et al. (1977) manifest
that the local evaporation is a major factor in influencing the rainfall. The mechanism is
through the change of the albedo. That is to say, an increase of albedo resulting from the
appreciable evaporation causes a net decrease of solar radiation flux into the ground and
therefore the transfer of sensible and latent heat into the atmosphere. As a result, the
convective cloud is reduced. However, the downward longwave radiation on the surface
decreases more while the downward solar radiation increases with the reduction of the cloud.
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Hence, the net radiation flux into the ground decreases; the net convective cloud and
precipitation decrease as well. Therefore, the soil moisture also plays a role in changing the
energy balance on the ground by darkening the surface and influencing the precipitation.
Another important issue is the memory of the soil moisture. The memory of the soil
moisture decides its application in the seasonal prediction. Koster and Suarez (2001), by
using the autocorrelation method, define the memory of the soil moisture by seasonality, the
evaporation, runoff, and the correlation of forcing with antecedent soil moisture. Their
research shows that the especially dry region and an especially wet region both tend to have
low soil memory (Fig.8 in Koster and Suarez, 2001). They imply that the seasonality plays a
major role in East Africa (Fig. 3 in Koster and Suarez, 2001).
Fig. 5.2.4 and Fig. 5.2.5 show the precipitation and soil moisture correlation with
different lag months based on the offline ensemble run of 13 land surface models and GPCPV2-SG precipitation. The data is published by the Second Global Soil Wetness Project
(GSWP-2) (Dirmeyer et al., 2006). Fig. 5.2.4 shows the correlation that the precipitation
leads 0-11 months to soil moisture from 1986 to 1995. Intuitively, the correlation is high in
the East Africa area and sustains up to three months. This means if the antecedent
precipitation is abundant, then the soil moisture state can be persistent, which is important for
the vegetation growth (Anyamba et al., 2002). This agrees with the results that precipitation
has 2-3 months lead to the NDVI in the Greater Horn of Africa (GHA) (Indeje et al., 2006).
The NDVI also a positively (negatively) respond to El Niño (La Niña) because many studies
have demonstrated that the El Niño (La Niña) has a positive (negative) effect on the
precipitation in GHA (e.g., Flohn, 1987; Indeje et al., 2000a; Schreck and Semazzi, 2004). In
general, precipitation seems to be a major influential factor in the variability of the soil
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moisture in arid and semi-arid regions. Moreover, the tropical rainforest shows much
stronger ability to reserve the soil moisture than other land use category does. This ability
results in long persistence of the correlation in central tropical Africa. Fig. 5.2.5 shows the
precipitation lags 0-11 months to soil moisture. The result shows that the soil moisture is not
a potential predictor for precipitation anomaly in GHA. The synchronous correlation is very
high in East Africa (the hatched area is above 5% significance level). However, the memory
of soil moisture is low, which is also suggested in the study of Koster and Suarez (2001). The
main reason is the dry and warm atmosphere in the region, which can maintain the rapid
evaporation from the ground. Meanwhile, the capacity to hold the soil water is low in this
land-use category and soil type (Fig. 5.2.6 and Fig. 5.2.7) (Chen and Dudhia, 2001).
Therefore, the results imply that the persistence of the precipitation in the region is controlled
by the moisture convergence and the transport of the water vapor outside the region. The
variability of the local soil moisture can not significantly influence the precipitation in the
region because of the rapid evaporation in this arid and semi-arid region. However, the
implicit effect may be inevitable with respective to albedo.
In contrast, although the region of above 5% significance level is not that large, the
soil moisture indicates some kind of skill in the tropical forest area in the central tropical
Africa. The predictive leading is about two to three seasons. However, 1-5 months leading
does not show strong skills. It implies that the rain forest area may have some skills in
predicting the seasonal regional climate. The conclusion agrees with other researches in the
tropical Amazon (e.g., Fu et al., 1999)
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5.3 IPCC AR4 20th Century Precipitation Simulation in East Africa
Precipitation is one of the most important climatic variables in climate research. The
spatial and temporal distribution of precipitation is obviously important because it stands for
the diabatic source and hence has a pronounced thermodynamic significance on general
circulation. Since precipitation is the result of model physical processes including
parameterization and resolvable physics, it is a truly independent and comprehensive
measurement of the model performance for model comparison.
Since the last IPCC published its Third Assessment Reports in 2001, the coupled
model has made significant progress in many aspects (AchutaRao et al., 2004). The IPCC
AR4 20th century experiment is initialized from a point early enough in the pre-industrial
control simulation. The data sets are summarized in Table 2.2.2. The individual model
specifications are summarized at website http://wwwpcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php. Table 5.3.1
briefly summarizes the forcing and initialization specifications of some coupled models
available in PCMDI. The global evaluation of precipitation characteristics of coupled climate
models appears in publications (e.g., AchutaRao et al., 2004; Dai, 2006). Here we briefly
analyze the characteristics of precipitation simulated by the IPCC AR4 models in East Africa
and the tropical Indian Ocean basin.
Fig. 5.3.1 is the ensemble average precipitation of 74 ensemble members of 23
models from September to December of 1997. The results indicate that the ensemble
precipitation generally reproduces the monsoon retreat and ITCZ migration both over land
and over the Indian Ocean. However, if we closely look at the detail of the precipitation, the
rainbelt of the ensemble is broader than that of the GPCP-1DD and CMAP observations. The
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local intensity is weaker than GPCP and CMAP observations even though the satellitecombined observations basically underestimate or at most about equal to real frequency and
amount of the precipitation (Petty, 1997; Xie and Arkin, 1997; Janowiak et al., 1998). In East
Africa, the precipitation from the ensemble captures the anomaly pattern but well below the
strong anomaly, which most of the individual models can yet well reproduce the extreme
during the 1997 “short rains” period (Figures not shown).
Fig. 5.3.2 shows the Taylor diagram of the 23 model’s precipitation in the 1997
“short rains” period. The precipitation of each model is interpolated to WRF 60km grids for
inter-comparison. The interpolation method is based on Natural Neighbor Interpolation
introduced in Chapter 2. The Taylor diagram interpretation is also introduced in Chapter 2.
We can see the individual skill of simulation is fairly scattered. The best skills of the
individual models are also quantitatively given in Table 5.3.2a and Table 5.3.2b from the
viewpoint of pattern correlation and normalized standard deviation respectively. However, as
Taylor (2001) point out, both standard deviation and pattern correlation contribute to the skill
evaluation. Neither the pattern correlation nor the standard deviation alone may truly reflect
the model’s overall performance. The model skill (red line in Fig. 5.3.2) comprehends both
pattern correlation and standard deviation. Most of the individual model has skill number
0.6-0.8, which scales 0.0 is no skill and 1.0 is perfect skill. Ensemble average shows one of
the best skills overall. Fig.5.3.3 illustrates the standard deviation of IPCC AR4 23 model
simulated precipitation in 1997 departed from CMAP. The results indicate that the major
model precipitation bias is in the eastern Indian Ocean and the South China Sea. We also
notice that the tropical area has a large systematic bias (3-6mm/day) most of the time. There
is also a strong bias in the tropical coast of East Africa during the “short rain” preiod. Other
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bias areas are located in South Africa and the West African monsoon-impacting region. The
results suggest that some major differences exist in 23 models reproduce the effects of the
dominant system such as warm ENSO, IODM, and the West African monsoon.
From the above brief analysis on precipitation, we draw our preliminary conclusion
that the global models have enough skill to reproduce the main precipitation belt in the
region. However, because of the relatively coarse resolution of the IPCC coupled models (see
table 2.2.2), the regional application uncertainty still largely exists without further
downscaling. The major differences among IPCC models are located in the tropics, South
China Sea, South Africa ENSO impacting area, West African monsoon area and East Africa
IODM-impacting area.
Moreover, although the interpolation can further downscale the coarse resolution to
fine resolution as needed, the interpolation can only produce the existing information the
original model possesses. Any add-on information resulting from any interpolant would be
physically unfounded. Therefore, for the purpose of regional application, it is necessary to
utilize a dynamic downscaling system to further downscale the global reanalyses or global
simulation to regional scale.
5.4 Reanalysis Precipitation and Observation Uncertainty
A Global reanalysis system is usually based on an operational assimilation system.
The reanalysis system can reproduce physically coherent atmospheric state; thus the
reanalysis data has been excessively used in the climate community. However, since the
heterogeneous observation in space and time, some inconsistency has been identified in
current reanalysis dataset (e.g., Hagemann et al., 2005; Kalnay et al., 1996).

141

Fig.5.4.1 shows the comparison of precipitation from the ERA-40, NCEP/NCAR
reanalysis I and NCEP/DOE reanalysis II. The ERA-40 precipitation has bigger bias than
NCEP/NCAR reanalysis I and NCEP/DOE reanalysis II by comparison with GPCP-1DD.
The results are also consistent to the other analysis about the hydrological cycle that ERA-40
precipitation is overestimated over the ocean especially in the tropics (Betts et al., 2004;
Hagemann et al., 2005). The low skill of ERA-40 reanalysis is mainly from the high standard
deviation, which means that ERA-40 has more small scale oscillations and/or the spurious
oscillation caused by the inaccurate hydrological cycle in the assimilation system such as
unbalanced hydrological cycle (Hagemann et al., 2005). The biases of NCEP/NCAR
reanalysis I and NCEP/DOE reanlysis II are mainly from overly zonal orientation and low
correlation over ocean and equatorial land (Janowiak et al., 1998). Furthermore, the
reanalysis system always suffers from heterogeneous observation during the whole
assimilation period. Therefore, the reanalysis precipitation has yet satisfied the accuracy
required for replacing the satellite observation for climate research. The precaution should be
taken with care that the precipitation of reanalysis may need bias correction or with other
alternative precipitation if it is used as an input for other models such as the offline ocean
model, land surface model, Chemistry transfer model, and/or air quality model. Fig. 5.4.1
also indicates that CMAP, GPCP-V2-SG and GPCP-1DD have good agreement both from
pattern correlation and standard deviation even though the uncertainty still exists among
these observations in this region (Table 5.4.1). We need to mention here that these datasets
are produced from different input data with CMAP merging gauge, satellite and model
precipitation, GPCP-V2-SG merging gauge, and satellite precipitation and GPCP-1DD
produced by satellite precipitation with GPCP-V2-SG correction.
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5.5 WRF RCM Simulations for 1994-1998
5.5.1 Background
The role of the tropical oceans on interannual climate variability has been extensively
studied in recent years. The dominant mode is the El Niño-Southern Oscillation (ENSO)
(Philander, 1990; Neelin et al., 1998 and their references; McPhaden et al., 2006). Most of
the studies focus on the Pacific Ocean SST anomaly and its global significance because
ENSO dominates the tropical global atmospheric and oceanic anomalies. However, the
Indian Ocean role on climate has been gradually understood since Indian Ocean Dipole
Mode was determined by Saji et al. (1999) and the independent Indian Ocean air-sea
interaction mechanism proposed by Webster et al. (1999). Latif et al. (1999) also indicate
that the El Niño–related SST anomalies in the equatorial Pacific did not directly drive the
variability in the climate over East Africa. The contemporaneous changes of SST in the
Indian Ocean can be directly related to the precipitation anomaly of the tropical East
Equatorial Africa. Hence, the main objective of this research is to simulate the role of the
variation of the Indian Ocean SST anomaly on the regional climate variability in East Africa
and its adjacent area. Also, the performance of WRF RCM is evaluated in the application.
5.5.2 Model Description and Experiment Design
The current model is WRF/ARW version 2.1.2. The full physical schemes and their
reference are given as in Chapter 3. Currently, the CAM3 radiation package is used in all of
the experiment. The lateral boundary condition buffer zone uses the 10-grid exponential
relaxation. Daily MODAS-SST is used in this study. The main physics include the KeinFritsch convection scheme, Purdue-Lin microphysics, NOAH LSM, Monin-Obukhov scheme,
YSU PBL scheme, etc. Other specifications are the same as the WRF standard release
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version 2.1.2. According to the DMI evolution from 1993-2005 (Fig. 5.2.3), we chose five
consecutive years (1994-1998) to perform our simulations.
5.5.3 Results
The GPCP-1DD is our main observational resource for precipitation evaluation. The
ERA-40 T159 model resolution monthly mean 2M air temperature, 10M surface wind and
mean sea level pressure (MSLP) is the verification data. The ERA-40 has finer resolution and
is totally independent to NCEP/NCAR reanalysis which is used to drive the model.
Fig. 5.5.1 and Fig. 5.5.2 demonstrate the observational variability of 10-meter wind,
mean sea level pressure and 2-meter air temperature anomalies from September to December
during 1994-1998. During the positive IODM years (1994 and 1997), the strong anomalous
easterly persists in the equatorial area over the Indian Ocean from September to December.
The mean sea level pressure anomalies present the pattern of high in the eastern Indian
Ocean and low in the western Indian Ocean. The pattern of warm anomaly in the western
Indian Ocean and cold anomaly in the eastern Indian Ocean is also illustrated in Fig. 5.5.2,
especially in 1997. The 1994 temperature anomaly is not significant after October because
the positive IODM demised rapidly after October of 1994 (cf. Fig. 5.2.3). In contrast, the
negative IODM of 1996 and 1998 show the opposite pattern of 10-meter wind, mean sea
level pressure, and 2-meter air temperature anomalies. The 1995 IODM is nearly normal with
a small negative before December and a small positive after December. The anomalies show
dramatic differences from the strong IODM year (negative or positive). The wind anomaly
demonstrates the meridional pattern in September, October and December with the exception
of November when the negative signal of IODM is shown both on SSTA (cf. Fig. 5.2.3) and
wind anomaly (westerly anomaly). The analysis suggests that the atmospheric response to
144

Indian Ocean SSTA is a mutual feedback process. The wind and mean sea level pressure
respond to SSTA more noticeably than temperature. The atmospheric anomalies and the
IODM seem to be phase-locked and the atmosphere-ocean interaction is evident. Therefore,
to better understand the mechanism of interaction of IODM and the overlying atmosphere, an
air-sea coupled model system should be suggested in this area.
Fig.5.5.3 and Fig.5.5.4 present the WRF RCM model simulation results. Several
features are well simulated by the model: The major IODM related wind anomalous
transitions are approximately simulated by the model. The 1994 early terminated IODM is
also reproduced by the model. The pattern of mean sea level pressure anomaly, i.e. east high
and west low, is also reproduced by the model but with a strong positive response during the
positive IODM (1994 and 1997) and strong negative response during the negative IODM
(1996 and 1998).
The major bias is located in three areas: the Bay of Bengal, the western Indian coastal
region, and the south of the central tropical Indian Ocean. The positive (negative) bias in the
Bay of Bengal or west India coastal region appears in association with the bias of land and
ocean gradients which have offshore (onshore) SST gradient in these regions correspondently
(Fig. 5.5.5, also cf. Fig.4.4.1 for 1997). The fine resolution SST can provide more detailed
SST gradient which induces the surface wind response and triggers the convection and
precipitation. The bias of the gradient of surface temperature along the coastal area,
especially the bias on the land if the prescribed SST is used, may play a role on the bias of
surface wind and precipitation. The other systematic difference is that the model produces
stronger (weaker) mean sea level pressure when positive (negative) IODM is present.
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Fig.5.5.4 also presents the 2-meter air temperature departure. In general, the model
reproduces the temperature variability during 1994-1998. There is no pronounced bias of
temperature anomalies. The main anomalous centers are well simulated, such as the
variability over the Sahara and South Africa in land part and over the Sumatra-Java area in
the ocean part. The main differences are the model produces boarder positive (negative)
temperature anomaly region for positive (negative) IODM years and weaker temperature
anomaly than ERA-40 does.
Fig.5.5.6 is the five-year precipitation comparison during 1994-1998. The GPCP
precipitation is different between the positive IODM years (1994, 1997) and negative IODM
years (1996, 1998). Because GPCP-1DD start from October, 1996, we can only use the
GPCP-1DD data for 1997-1998. GPCP-V2-SG monthly precipitation is used for 1994-1996.
Based on Fig.5.4.1 and Table 5.4.1, the GPCP-V2-SG and GPCP-1DD is well correlated
(>0.98 for October, November and December, >0.95 for September) and harmoniously
oscillated both in location and in amplitude (normalized standard deviation > 0.96 for
October, November and December, > 0.93 for September). The skill is also > 0.9 for all
months and even close to perfect for October to December. Therefore, two datasets are
comparable in general except the resolution difference (GPCP-V2-SG 2.5˚× 2.5˚ vs GPCP1DD 1˚× 1˚). The results indicate that the model can catch the seasonal rainbelt migration
from the north to the south of the equator. The interannual variability of precipitation is also
represented in the model. Two big discrepancies are obvious in the five-year simulation. First,
there is a systematic bias over East Africa, especially for positive IODM years. We can at
least identify one mechanism that causes the bias, the misrepresentation of gradient between
the land and ocean. Second, the ocean SST gradient may also cause the bias of the
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precipitation in the Bay of Bengal and the South China Sea rim. Further experiments are
necessary to corroborate the above possible hypothesis.
5.6 Conclusions and Discussions
The precipitation variability and its physical mechanism in East Africa have been
studied for many years from different aspects such as the precipitation variability itself
(Ogallo, 1979), the atmosphere-ocean interaction (Hastenrath et al., 1993), IODM (Saji et al.,
1999) or Indian Ocean Zonal Mode (Webster et al., 1999), ENSO (Indeje and Semazzi,
2000a), Quasi-Biennial Oscillation (Indeje and Semazzi, 2000b), and Indian Ocean SST
(Black et al., 2003). In this study, we attempted to improve the understanding of the
interannual variability mechanism related to the Indian Ocean SST anomaly in the region.
The study utilizes the data diagnosis and numerical modeling to realize the research objective.
The ERA-40 reanalysis (1979-2001), recently released soil moisture data from 1986-1995
and a five-year simulation (1994-1998) performed by WRF RCM is used in this study.
According to our research based on the ERA-40 reanalysis data, we conclude that the
moisture providing for precipitation in East Africa is mainly from the Indian Ocean. The
variability of Indian Ocean SST could result in the variability of the water vapor transport
that influences the precipitation.
Soil moisture feedback is one of the most important factors for local precipitation.
However, based on the latest release GSWP-2 data (Dirmeyer et al., 2006), the persistence of
soil moisture in the East African region is short and the predictability for precipitation is
limited. The conclusion is consistent with other research (e.g., Koster and Suarez, 2001;
Arora and Boer, 2006) that soil moisture persistence timescales are shorter in the tropics than
at high latitude. By contrast, precipitation has long persistence to soil moisture (> 3 months).
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The persistence maintains the flourish of vegetation afterwards and thus has a practical
relevance on local agriculture and economy. The vegetation variability can alter the surface
characteristics and produce feedback to the surface flux exchange between land and the
atmosphere. Hence, the climatic significance of moisture is implicit and may be beyond the
seasonal scale (Anyamba et al., 2002).
Based on the five-year WRF RCM seasonal simulation and the ERA-40 reanalysis,
we examine the interannual variability of the Indian Ocean SST anomaly, the anomalies of
the precipitation, 10-meter surface wind, mean sea level pressure, and 2-meter air
temperature. The results indicate that the model simulates the regime change in association
with precipitation very well, including the seasonal rainbelt, interannual variability with
regards to IODM, etc. However, there are several discrepancies in the five-year simulation.
The largest one is the precipitation bias in East Africa. The simulation misses out on the
precipitation along the coastal area in the East Africa region. Further investigation indicates
that the bias of the surface air temperature gradient may cause the bias. The simulation
results demonstrate that the surface air temperature is too warm over land and too cold over
ocean comparing to ERA-40; thus the gradient along the coast is reduced, which can result in
reducing the onshore moisture transport in the region. Because the water vapor source for
precipitation in the region mainly depends on the moisture transport from the Indian Ocean,
the reduction of moisture transport into the region can decrease the precipitation in the region.
Moreover, since we use the prescribed observational SST, the bias of surface air temperature
over land may be a possible factor of the gradient deficiency.
Certainly, we can not rule out the uncertainty of prescribed SST. The MODAS SST is
mainly based on the satellite data combining the climatologic persistence of SST up to 60
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days. This method overcomes the major obstacle of cloud contamination for retrieving the
SST with high temporal and spatial resolution. However, it meanwhile creates new
inaccuracy. For those areas with abundant clouds such as the tropics, the SST will tend to
climatologic SST because the SST is relaxed toward the climatology in the data void area.
The main bias areas of precipitation over the ocean are, perhaps coincidentally, the same
areas of the observational heavy precipitation area. Therefore, we may conclude that the
inaccurate SST may contribute, at least partly, to the precipitation bias over the ocean. The
mechanism influencing the precipitation has been discussed in Chapter 4.
However, we also notice that OI-SST, which is produced by different methods using
different input observational data (both buoy and satellite observations), can not yet
reproduce the precipitation pattern either in East Africa. Therefore, the uncertainty of SST
forcing may not be the main reason for the precipitation in the coastal area of East Africa.
The model physical scheme discrepancy may be the most possible contributor to the
precipitation biases in the area.
The five-year simulation also indicates that the model bias over the ocean is
eventually attributed to both SST gradient and SST forcing itself. The major bull-eye like
precipitations center as well as abnormal circulation in the Bay of Bengal, and the South
China Sea rim area are all associated with the abnormal SST gradient. This suggests that the
ocean SST exerts its forcing through SST gradient as well as SST forcing. The SST gradient
may be one of the variables we may consider when we parameterize the air-sea interaction
processes. The conclusion agrees with the past modeling research of Lindzen and Nigam
(1987).
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In order to evaluate the model performance, the precipitations simulated by IPCC
AR4 coupled model 20th century simulation are also analyzed in this study. Generally, the
simulations from IPCC AR4 models reproduce the large scale of precipitation system. The
super ensemble results indicate the multi-model multi-ensemble can produce better
precipitation than the individual model does.
However, the super ensemble methodology of global coupled model is not feasible,
either economically or technically, to be implemented in the regional meteorological center
and developing countries. Therefore, in order to satisfy the high demand for regional climate
information by local government and society, RCM is still necessary for regional and local
climate application. The results from WRF RCM indicate that the performance of the model
is encouraging and promising.
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Fig.5.1.1. The precipitation standardized anomalies of Oct-Dec (OND)
and Mar-May (MAM) during 1979-2005 in the Eastern Africa region.
Box indicated in the low panel is (11.25˚S-6.25˚N,31.25˚E-43.75˚E)
Solid lines are GPCP data, dash lines are CMAP data.
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Fig.5.1.2. The SST anomaly in Nino 3.4 (OI-weekly data from CPC).

Fig.5.2.1a. Vertical integral of water-vapor flux and divergence of moisture flux (Climatology).
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Fig.5.2.1b. Vertical integral of water-vapor flux and divergence of moisture flux (Climatology).
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Fig.5.2.2a. Vertical integral anomaly of water-vapor flux and divergence of moisture flux (September).
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Fig.5.2.2b. Vertical integral anomaly of water-vapor flux and divergence of moisture flux (October).
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Fig.5.2.2c. Vertical integral anomaly of water-vapor flux and divergence of moisture flux (November).
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Fig.5.2.2d. Vertical integral anomaly of water-vapor flux and divergence of moisture flux (December).
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Fig. 5.2.3. Dipole mode index during 09/01-12/31 (1993-2005).
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Fig.5.2.4a. Correlation between GPCP-SG precipitation anomaly and soil
moisture anomaly (Precipitation lag 0-5months).
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Fig.5.2.4b. Correlation between GPCP-SG precipitation anomaly and soil
moisture anomaly (Precipitation lag 6-11months).
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Fig.5.2.5a. Correlation between GPCP-SG precipitation anomaly and soil
moisture anomaly (Soil moisture lag 0-5months).
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Fig.5.2.5b. Correlation between GPCP-SG precipitation anomaly and soil
moisture anomaly (Soil moisture lag 6-11months).
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1 NO DATA
2 URBAN BUILT-UP LAND
3 DRYLAND CROPLND-PASTR
4 IRRIGTD CROPLND-PASTR
5 MIX DLD/IRR CRP-PSTR
6 CROPLND/GRASSLND MSC
7 CROPLND/WOODLND MSC
8 GRASSLAND
9 SHRUBLAND

10 MIX SHRUBLND/GRASSLND
11 SAVANNA
12 DECID. BRDLEAF FRST
13 DECID. NDLELEAF FRST
14 EVERGRN BRDLEAF FRST
15 EVERGRN NDLLEAF FRST
16 MIXED FOREST
17 WATER BODIES

18 HERBACEOUS WETLAND
19 WOODED WETLAND
20 BARRN OR SPRSE VEGETD
21HERBACEOUS TUNDRA
22 WOODED TUNDRA
23 MIXED TUNDRA
24 BARE GROUND TUNDRA
25 SNOW OR ICE

Fig. 5.2.6. Model landuse and terrain.
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1. Sand 2. Loamy sand 3. Sandy loam 4. Silt loam 5. Silt 6. Loam 7. Sandy Clay loam 8. Silty clay loam
9. Clay Loam 10. Sandy clay 11 Silty clay 12 clay 13. Organic material 14. Water 15. Bedrock 16 Other (land-ice)

Fig.5.2.7. The Dominant Soil Category.
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Fig. 5.3.1a. Comparison of CMAP, GPCP-1DD precipitation, and
ensemble precipitation of 23 models (September).
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Fig. 5.3.1b. Comparison of CMAP, GPCP-1DD precipitation, and
ensemble precipitation of 23 models (October).
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Fig. 5.3.1c. Comparison of CMAP, GPCP-1DD precipitation, and
ensemble precipitation of 23 models (November).
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Fig. 5.3.1d. Comparison of CMAP, GPCP-1DD precipitation, and
ensemble precipitation of 23 models (December).
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(a)

(b)

(c)

(d)

Fig. 5.3.2. Taylor diagram of 23 models individual and ensemble
precipitations comparing to GPCP-1DD precipitation.
(a) September; (b) October; (c) November; (d) December.
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Fig.5.3.3. The IPCC AR4 23 models standard deviation from CMAP.
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Fig. 5.4.1. Comparison of precipitation of ERA40, NCEP/NCAR Reanalysis,
NCEP/DOE Reanalysis, CMAP, GPCP-SG. The reference observation is GPCP1DD precipitation.
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Fig.5.5.1a. ERA40 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (September).
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Fig.5.5.1b. ERA40 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (October).
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Fig.5.5.1c. ERA40 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (November).
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Fig.5.5.1d. ERA40 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (December).
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Fig.5.5.2a. ERA40 2M temperature anomaly from 1994-1995 mean
(September).
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Fig.5.5.2b. ERA40 2M temperature anomaly from 1994-1995 mean
(October).
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Fig.5.5.2c. ERA40 2M temperature anomaly from 1994-1995 mean
(November).
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Fig.5.5.2d. ERA40 2M temperature anomaly from 1994-1995 mean
(December).
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Fig.5.5.3a. WRF RCM 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (September).
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Fig.5.5.3b. WRF RCM 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (October).
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Fig.5.5.3c. WRF RCM 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (November).
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Fig.5.5.3d. WRF RCM 10M wind and Mean Sea Level Pressure anomalies from
1994-1998 mean (December).
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Fig.5.5.4a. WRF RCM 2M temperature anomaly from 1994-1995 mean
(September).
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Fig.5.5.4b. WRF RCM temperature anomaly from 1994-1995 mean
(October).
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Fig.5.5.4c. WRF RCM 2M temperature anomaly from 1994-1995 mean
(November).
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Fig.5.5.4d. WRF RCM 2M temperature anomaly from 1994-1995 mean
(December).

194

Fig.5.5.5a. SST gradient in 1994 (top four panels) and
1995 (bottom four panels).
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Fig.5.5.5b. SST gradient in 1996 (top four panels) and
1998 (bottom four panels).
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Fig.5.5.6a. Monthly Precipitation Sept-Dec. 1994.
GPCP-SG (top four panels); WRF RCM (Bottom four panels).
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Fig.5.5.6b. Monthly Precipitation Sept-Dec. 1995.
GPCP-SG (top four panels); WRF RCM (Bottom four panels).
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Fig.5.5.6c. Monthly Precipitation Sept-Dec. 1996.
GPCP-SG (top four panels); WRF RCM (Bottom four panels).
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Fig.5.5.6d. Monthly Precipitation Sept-Dec. 1997.
GPCP-SG (top four panels); WRF RCM (Bottom four panels).
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Fig.5.5.6e. Monthly Precipitation Sept-Dec. 1998.
GPCP-SG (top four panels); WRF RCM (Bottom four panels).
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Model Name
BCCR

BCC-CM1

CCSM3

CGCM3.1

Table 5.3.1. Forcings and initializations of some IPCC AR4 coupled models
Initialization
Solar forcing/volcanic forcing
Greenhouse gases
January 1850 of the pre1368 Wm-2 and no solar or
greenhouse gases annual
industrial simulation
volcanic variability
global concentrations were
specified based on
observations
1st in March, Jun, Sep, Dec of
Information not available
CO2, N2O, CH4, CFC11,
year 1870 pre-industrial run1
CFC12; climatologic mean
simulation
ozone data
Information not available
Time-varying solar constant;
Time-varying
Time-varying concentrations of concentrations of GHGs,
including sinks from
stratospheric volcanic aerosol
chemical reactions;
Time-varying
concentrations of
tropospheric and
stratospheric ozone
Information not available
Information not available
Information not available

CNRM-CM3

January/2040 of pre-industrial
simulation

1370 Wm-2 and no solar or
volcanic variability

CSIRO-Mk3.0

Information not available

Information not available

ECHAM5_MPI-OM

Jan 2190, Jan 2015, Jan 2040
pre-industrial simulation

Information not available

ECHO-G

jan200, 300, 400 of a preindustrial simulation
Jan 1850,1855, 1960 of a preindustrial simulation

Information not available

FGOALS-g1.0

1367 Wm-2

greenhouse gases annual
global concentrations were
specified based on
observations
Information not available
anthropogenic forcings,
i.e., CO2, CH4, N2O, F11
(effective), F12, ozone
Natural and anthropogenic
forcing is applied
CO2, N2O, CH4, CFC11,
CFC12; Climatologic
mean ozone
Well mixed greenhouse
gases (CO2, N2O, CH4,)
and F11,F12,F13,F22;
Stratospheric Ozone (1977
to 2000 only)
Well mixed greenhouse
gases (CO2, N2O, CH4,)
and F11,F12,F13,F22;
Stratospheric Ozone (1977
to 2000 only)
GHGs forcing have
monthly changes, but no
annual changes

GFDL-CM2.0

Information not available

1364.67 Wm-2 in 1860,
1366.86 Wm-2 in 19990
Volcanic aerosols

GFDL-CM2.1

Information not available

1364.67 Wm-2 in 1860,
1366.86 Wm-2 in 1990
Volcanic aerosols

GISS-AOM

200 and 250-year spinup from
Levitus climatological
conditions

Information not available

GISS-ER

1/1/1880

Well mixed traces;
monthly mean ozone

GISS-EH

years 120,130,140,150,160 of
the pre-industrial simulation

Well mixed traces;
monthly mean ozone
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Aerosol
Sulfate aerosols

Information not
available
Prognostic sulfate,
with time-varying
emissions of SO2;
Time-varying
concentrations of
stratospheric volcanic
aerosol
Information not
available
Sulfate aerosols are
specified

Information not
available
sulfate

sulfate aerosols
Sulfate Aerosol

All Tropospheric
Aerosols

All Tropospheric
Aerosols

time varying sulfate

distribution
originates from both
natural and
anthropogenic
sources that together
contribute to global
annual emission
of roughly 1300 Tg.
distribution
originates from both
natural and
anthropogenic
sources that together
contribute to global
annual emission
of roughly 1300 Tg.

PCM

Table 5.3.1. Forcings and initializations of some IPCC AR4 coupled models (Cont’).
Initialization
Solar forcing/volcanic forcing
Greenhouse gases
200-year run with constant
Temporal change solar
Temporal changes of CO2,
constant; Volcanic aerosols
CH4, N2O; CFCs not
forcing
were taken from
include Ozone monthly
pcm_volcanic_1890climatology was
2000_T42.nc
prescribed as for AMIP II
First year of pre-industrial
1365 Wm-2, Volcanic aerosols
Temporal changes of CO2,
simulation
constant
CH4, N2O; CFCs
All of the agents and emissions
solar variability, volcanic
well-mixed GHGs (CO2,
are fixed at the 1900 values,
CH4, N2O, 13 haloaerosols prescribed
same initialization as precarbons), tropospheric and
industrial simulation, 109 spinstratospheric ozone, land
up
use; Change according to
historical data
at 1, 51, 101, 151, and 200 year volcanoes and solar forcing
distributions and temporal
of the pre-industrial simulation
changes of CO2, CH4, N2O
and CFCs
Information not available
Information not available
Information not available

UKMO-HadCM3

150 and 300 years spin-up

1365 Wm-2

UKMO-HadGEM1

Initialised directly from the
Levitus observed ocean state
and sea-ice initialized from
analyzed state corresponding to
1 September 1978.
and then 85 years of coupled
spinup. First year uploaded to
the database is "Dec. 1859".

1365 Wm-2

Model Name
INM-CM3.0

IPSL-CM4
MIROC3.2

MRI-CGCM2.3.2

anthropogenic greenhouse
gas forcing; Tropospheric
stratospheric ozone
(reconstruction for the
period 1858 – 1970)
historic reconstructions for
GHGs

Aerosol
Sulfate aerosol
changes from AR4

Varying Sulfate
aerosols
sulfate aerosols,
black carbon and
organic carbon
prescribed. Change
according to
historical data
sulfate aerosol direct
effects
Information not
available
sulphate aerosol
direct and indirect
forcing

Natural emission
black carbon and
biomass smoke s,

Note: Official Name of IPCC models
BCCR-BCM2.0:
Bjerknes Centre for Climate Research, Norway
BCC-CM1:
Beijing Climate Center/China
CCSM3:
National Center for Atmospheric Research/USA
CGCM3.1:
Canadian Centre for Climate Modelling & Analysis/Canada
CNRM-CM3:
Météo-France / Centre National de Recherches Météorologiques/France
CSIRO-Mk3.0:
CSIRO Marine and Atmospheric Research/Australia
ECHAM5/MPI-OM: Max Planck Institute for Meteorology/Germany
ECHO-G:
Meteorological Institute of the University of Bonn, Meteorological Research Institute of KMA, and Model and Data
group.
FGOALS-g1.0:
LASG / Institute of Atmospheric Physics
GFDL-CM2.0:
US Dept. of Commerce / NOAA / Geophysical Fluid Dynamics Laboratory
GFDL-CM2.1:
US Dept. of Commerce / NOAA / Geophysical Fluid Dynamics Laboratory
GISS-AOM:
NASA / Goddard Institute for Space Studies
GISS-EH:
NASA / Goddard Institute for Space Studies
GISS-ER:
NASA / Goddard Institute for Space Studies
INM-CM3.0:
Institute for Numerical Mathematics/Russia
MIROC3.2:
Center for Climate System Research (The University of Tokyo), National Institute for Environmental Studies, and
Frontier Research Center for Global Change (JAMSTEC)
MRI-CGCM2.3.2:
Meteorological Research Institute/Japan
PCM:
National Center for Atmospheric Research/USA
UKMO-HadCM3:
Hadley Centre for Climate Prediction and Research / Met Office
UKMO-HadGEM1: Hadley Centre for Climate Prediction and Research / Met Office
Source: http://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php
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Table 5.3.2a. Pattern correlation of IPCC ensemble and 23 individual models with GPCP-1DD.
Number
IPCC Metrics
1
IPCC Ensemble
2
BCCR-BCM2.0
3
BCC-CM1
4
CGCM3.1(T47)
5
CGCM3.1(T63)
6
CCSM3
7
CNRM-CM3.1
8
CSIRO-Mk3.0
9
GFDL CM2.0
10
GFDL CM2.1
11
GISS-ER
12
GISS-EH
13
GISS-AOM
14
HADCM3
15
HADGEM1
16
FGOALS-g1.0
17
INM-CM3.0
18
IPSL-CM4
19
MICROC3.2(hres)
20
MICROC3.2(medres)
21
ECHO-G
22
ECHAM5/MPI-OM
23
MRI-CGCM2.3.2
24
PCM
Note: refer to note of Table 5.3.1

September
0.75
0.52
0.06
0.77
0.74
0.68
0.61
0.66
0.74
0.64
0.66
0.49
0.67
0.68
0.64
0.58
0.56
0.61
0.59
0.62
0.69
0.69
0.66
0.63

October
0.62
0.46
-0.01
0.58
0.57
0.64
0.62
0.64
0.53
0.47
0.52
0.45
0.68
0.55
0.60
0.49
0.44
0.56
0.62
0.55
0.53
0.53
0.55
0.54
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November
0.58
0.50
-0.01
0.54
0.49
0.65
0.62
0.45
0.45
0.53
0.44
0.35
0.58
0.65
0.47
0.55
0.58
0.51
0.51
0.48
0.47
0.55
0.60
0.50

December
0.67
0.47
0.25
0.67
0.64
0.70
0.66
0.51
0.63
0.57
0.66
0.48
0.67
0.69
0.50
0.54
0.43
0.60
0.60
0.54
0.63
0.54
0.69
0.50

Table 5.3.2b. Normalized standard deviation for IPCC ensemble and 23 models.
September
October
November
Number
IPCC Metrics
1
IPCC Ensemble
0.92
1.15
1.14
2
BCCR-BCM2.0
1.17
1.32
1.48
3
BCC-CM1
1.28
2.03
1.82
4
CGCM3.1(T47)
1.07
1.24
1.20
5
CGCM3.1(T63)
1.23
1.37
1.65
6
CCSM3
1.10
1.33
1.33
7
CNRM-CM3.1
1.18
1.34
1.66
8
CSIRO-Mk3.0
0.96
1.24
1.38
9
GFDL CM2.0
1.24
1.60
1.53
10
GFDL CM2.1
1.42
1.74
1.54
11
GISS-ER
1.00
1.24
1.21
12
GISS-EH
1.15
1.54
1.56
13
GISS-AOM
1.00
1.18
1.15
14
HADCM3
1.36
1.40
1.35
15
HADGEM1
1.33
1.57
1.67
16
FGOALS-g1.0
0.92
1.33
1.33
17
INM-CM3.0
1.01
1.32
1.44
18
IPSL-CM4
0.99
1.49
1.45
19
MICROC3.2(hres)
1.35
1.58
1.58
20
MICROC3.2(medres)
1.30
1.32
1.32
21
ECHO-G
0.95
1.22
1.15
22
ECHAM5/MPI-OM
1.03
1.22
1.36
23
MRI-CGCM2.3.2
1.00
1.28
1.07
24
PCM
1.32
1.78
1.51
Note: refer to note of Table 5.3.1
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December
1.11
1.33
1.46
1.23
1.20
1.24
1.36
1.22
1.70
1.52
1.26
1.34
1.20
1.38
1.77
1.25
1.31
1.36
1.21
1.16
1.16
1.16
0.91
1.46

Table 5.4.1a. Pattern correlation of different observation and reanalyses with GPCP-1DD.
Dataset
CMAP
GPCPNCEP
NCEP
ERA40
IPCC
name
SG
Reanalysis Reanalysis
Ensemble
I
II
September
0.92
0.95
0.76
0.79
0.74
0.75
October
0.93
0.99
0.72
0.68
0.73
0.62
November
0.93
0.99
0.74
0.70
0.70
0.58
December
0.92
0.99
0.77
0.78
0.74
0.67
Table 5.4.1b. Normalize standard deviation of different observations or reanalyses.
Dataset
CMAP
GPCPNCEP
NCEP
ERA40
IPCC
name
SG
Reanalysis Reanalysis
Ensemble
I
II
September
1.07
0.94
1.15
1.58
1.57
0.92
October
1.17
0.97
1.34
1.88
2.17
1.15
November
1.16
0.97
1.21
1.91
2.01
1.14
December
1.19
0.97
1.18
1.74
1.94
1.11
Note:
CMAP: CPC Merged Analysis of Precipitation
GPCP-SG: Global Precipitation Climatology Project-Satellite & Gauge version 2
NCEP: National Center for Environmental Prediction
NCEP Reanalysis I: NCEP/NCAR Reanalysis I
NCEP Reanalysis II: NCEP/DOE Reanalysis II
ERA40: ECMWF ReAnalysis (09/1957-08/2002)
IPCC: Intergovernmental Panel for Climate Change

206

Chapter 6. Summary and Concluding Remarks
The RCM is a tool to fill the gap between the outcome of global climate model and
the demand of regional government and society for regional climate information. Most
RCMs inherit from the mesoscale weather forecast model. Currently, there are many regional
models used at different meteorological centers or research institutes in the world. In this
study WRF model originally developed and maintained by the NCAR is adapted for regional
climate simulation in East Africa. The WRF model is chosen as the base model because of
the following reasons: (1). WRF is an open source code model with good maintenance for
community users; (2). the non-hydrostatic dynamic core is suitable for fine-resolution
research, which has not been adopted by most of current coupled GCMs; (3). mass, entropy,
scalars and momentum are conserved; (4). multiple physical options are available for
different research purposes; and (5). highly parallel and compatible code is well structured
and easily maintained by scientists instead of engineers.
In order to adapt NCAR’s WRF for long term integration for climate application
without causing instability and tremendous climate bias, several adaptations are made for
WRF model; its pre- and post-processors including treatment of SST and other static surface
parameters in preprocessing system, which now can accept any time interval and spatial
resolutions; exponential relaxation lateral boundary; CAM3 radiation scheme transferred in
WRF from the prerelease version first implemented by NCAR regional climate modeling
development group led by Dr. L. R. Leung at PNNL; and post-processing system package for
climate analysis and diagnosis based on NCAR command language. Through the above
adaptations, the current WRF RCM version has shown the encouraging and promising results.
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For evaluating and verifying model performance, many datasets and several methods
are used in this research. The Taylor diagram follows the Taylor (2001) paper and NNI
developed by Sibson (1981) are used in this study. The datasets used for driving, evaluating
and verifying the model in this research are ERA-40, NCEP/NCAR reanalysis I, NCEP/DOE
reanalysis II, GPCP-V2-SG precipitation, GPCP-1DD precipitation, CMAP precipitation,
GSWP-2 soil moisture, weekly OI-SST, daily MODAS-SST, IPCC AR4 precipitation (refer
to Chapter 2 for details about the data sets) and several miscellaneous datasets from either
NCAR research data archive or NOAA prediction centers or research laboratories such as
Nino index from Climate Prediction Center and OLR from Earth System Research
Laboratory. The individual dataset and its source website or important references are given in
the relevant chapters.
For seasonal scale variability, SST forcing plays an important role in the precipitation
location and rainbelt migration for atmospheric models. According to our results,
precipitation bias is related to SST gradient and also SST forcing itself over ocean. The
mechanism of SST gradient on precipitation has been examined with a simple one-layer
model by Lindzen and Nigam (1987). The current full physics model results confirm their
mechanism that the SST and its gradient are important forcings on the low-level tropical flow
and convergence. The low-level tropical convergence along with the evaporation over the
ocean determines precipitation intensity and distribution. Although the surface winds over
the ocean can be directly observed by satellite such as QuikSCAT, the pure satellite data
always suffers from the cloud contamination and sample gap (For example, Fig. 6.2).
Moreover, the QuikSCAT only has one ascending pass (crossing the equator around 6:00am
local solar time) and one descending pass (crossing the equator around 6:00pm local solar
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time) per day for the same region. Compared to wind, SST has more observational source
and more systematic measurement than wind does at present. Therefore, if the air-sea
interaction can be parameterized through SST and SST gradient, SST will play a new role in
studying air-sea interaction.
By using WRF RCM, the five-year seasonal simulation is performed for the East
Africa and the Indian Ocean regions. Before we analyze the simulation, some diagnoses
related to the East Africa moisture source are examined by utilizing ERA-40 and GSWP-2
data. The results show that the water vapor source of the precipitation in the East Africa
region is mainly determined by water vapor convergence. The moisture is transported from
the Indian Ocean from September to December. The interannual variability of water vapor
convergence and moisture transport can control the precipitation in the region. Besides the
moisture source from the atmosphere, the effect of soil moisture, the local moisture source, is
also examined by using the GSWP-2 10-year data in the East Africa region. The results show
that the persistence of soil moisture to precipitation in this area is not significant. The
seasonal predictive significance for precipitation is limited for the region. By contrast, the
persistence of precipitation to soil moisture is about one season. The significance of the
persistence of precipitation is predictable of the future vegetation condition in the area. The
vegetation changes thus influences surface parameters. Therefore, the heavy precipitation
may not only flourish the vegetation itself but also influence the interannual/seasonal climate
through altering the surface parameters.
The five-year seasonal simulations show some encouraging results although biases
still largely exist in the East Africa region. The analysis demonstrates that the model can
reproduce many surface variables of the interannual variability related to IODM such as the
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mean sea level pressure, wind regime, and surface air temperature. The precipitation seasonal
migration is also well represented both over land and ocean. The interannual variability of
precipitation is also reproduced in certain extent over ocean and land except over the East
Africa region. Through analyzing the simulation, we draw preliminary conclusion that the
gradient of surface air temperature between ocean and land along the Somalia coast may be
the reason causing the bias of precipitation in the area. The interpretation of this mechanism
is as follows: during September to December, the Indian monsoon changes the regime from
southwesterly to northeasterly along the Somali coast. The temperature contrast changes
from warm-land-cold-ocean to cold-land-warm-ocean. The WRF RCM simulation is using
prescribed SST. Therefore, if we leave the uncertainty of SST aside, we may conclude that
the weak contrast of surface air temperature between ocean and land may be attributed to the
bias of precipitation over coastal area. The land surface model predicts the surface air
temperature. Hence, the land surface scheme may be one of the possible factors for this bias,
further investigation is needed. However, the land surface scheme actually takes many inputs
from the atmospheric model such as precipitation, radiation, wind, specific humidity,
temperature and pressure. The more complicated physical feedbacks are involved in this case.
For these reasons we may conclude here in a broader scope that the model physics bias may
contribute to the bias of surface gradient between land and ocean. Further experiments may
be necessary before we draw more specific conclusions for this model bias. It is necessary to
stress that the conclusions we reached in this study are preliminary and further analyses are
essential before we reach more specific conclusions.
As we have discussed in Chapter 1, since aerosols have shorter lifetimes than greenhouse gases, the distribution is higher in the source area and downstream and the effect of
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aerosol is more concentrated in a limited region (e.g., Kiehl and Briegleb, 1993). The
regional mean values of aerosol effect can be factors of 5 to 10 higher than the global mean
value of 0.5 to 1.5W m-2 (Penner et al., 2001). Therefore, there are limitations of our current
research given the fact that the RCM used in this study does not include the aerosol effect on
climate, especially its effect on cloud and climate for those areas emitting large amount of
aerosol which can influence climate (Qian et al., 2003, 2006). The current aerosols
climatologic input from offline aerosol assimilation system also limits the RCM application
on studying the climate change issue.
Our near future work includes several aspects: 1. Complete the regional coastal
atmosphere-ocean coupled system by coupling WRF and Hybrid Coordinate Ocean Model
(HYCOM) because our current research indicates the condition of ocean, either large-scale or
small-scale, can affect the atmospheric evolution especially the convection; 2. Replace the
current land surface model with the CoLM to improve the surface state description by
including more observational data to define the land state; and 3. Introduce aerosol evolution
and aerosol-cloud interaction processes within the RCM so that the model system can take
into account for both direct and indirect effects of aerosols on climate. In general, the
regional climate system, like the global climate system, has to include also relevant climate
processes to simulate the regional climate.
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Fig.6.1. Schematic Illustration of the Coupled Regional Climate System Model.
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Fig.6.2. QuikSCAT wind example.
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Appendix I Governing Equations of Advanced Research WRF (ARW)
The ARW dynamics solver integrates the compressible, non-hydrostatic Euler
equations. The equations are cast in flux form using variables that have conservation
properties (Skamarock et al., 2005). The equations are formulated in a terrain-following mass
vertical coordinate (Laprise, 1992; Skamarock et al., 2005).
A.1 The definition of the vertical coordinate and variables
The terrain-following hydrostatic pressure vertical donated by η and defined as

η = ( pdh − pdht ) / μ d , where μ d = pdhs + pdht .

(A.1.1)

Pdh is the hydrostatic pressure of the dry atmosphere, and Pdhs and Pdht refer to values along
the surface and top boundaries, respectively. μ d ( x, y ) represent the mass of dry air per unit
area within the column in the model domain at ( x , y ) . The flux form variables are defined as:
v
v
V = μ d v = (U , V , W ) , Ω = μ dη& , Θ = μ d θ ,

(A.1.2.1)

θ m = θ (1 + ( Rv Rd ) qv ) ≈ θ (1 + 1.61qv )

(A.1.2.2)

Qm ( m = v ,c ,r ,i ,...) = μ d qm ( m = v ,c ,r ,i ,...)

(A.1.2.3)

v
v = (u, v , w) are covariant velocities in two horizontal and vertical directions, respectively.

ω = η& is the contra-variant ‘vertical’ velocity. θ is the potential temperature. Also there are
non-conserved variables: the geo-potential φ = gz , pressure p , the inverse density of dry
air α d = 1 ρ d , and the full parcel inverse density α = α d (1 + qv + qc + qr + qi + ...) , where
qm ( m =v ,c ,r ,i ,...) are the mixing ratios (mass per mass of dry air) for water vapor, cloud, rain, ice,

etc. appearing in ARW.
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The map scale factor m is defined as the ratio of the distance in computational space
to the corresponding distance on the earth’s surface:
m=

(δx, δy )
, (A.1.3)
D

in which δx and δy are constant computational space; D is the physical distance between
grid points on the spherical earth. Therefore, the momentum variables are redefined as
follows:
v
v
V = μ d v m = (U ,V , W ) , Ω = μd η& m .

(A.1.4)

The governing equations, including map factors, rotational terms, the Coriolis and
curvature term, can be written as follows:
⎡ ∂Uu ∂Vu ⎤ ∂Ωu
∂U
∂p
∂p ∂φ
+ m⎢
+
+
+ μd α
+ (α α d )
= FU cor + FU
⎥
∂t
∂y ⎦ ∂η
∂x
∂η ∂x
⎣ ∂x

(A.1.5)

⎡ ∂Uv ∂Vv ⎤ ∂Ωv
∂V
∂p
∂p ∂φ
+ m⎢
+
+
+ μd α
+ (α α d )
= FVcor + FV
⎥
∂t
∂y ⎦ ∂η
∂y
∂η ∂y
⎣ ∂x

(A.1.6)

⎡ ∂Uw ∂Vw ⎤ ∂Ωw
⎡
⎤
∂W
∂p
+ m⎢
+
+
− m −1 g ⎢(α α d )
− μ d ⎥ = FWcor + FW
⎥
∂t
∂y ⎦ ∂η
∂η
⎣ ∂x
⎣
⎦

(A.1.7)

⎡ ∂Uθ ∂Vθ ⎤
∂Θ
∂Ωθ
+ m2 ⎢
+
+m
= FΘ
⎥
∂t
∂y ⎦
∂η
⎣ ∂x

(A.1.8)

⎡ ∂U ∂V ⎤
∂μ d
∂Ω
+ m2 ⎢
+
+m
=0
⎥
∂t
∂η
⎣ ∂x ∂y ⎦

(A.1.9)

⎡
⎤
∂φ
∂φ
∂φ
∂φ
+ μ d−1 ⎢m 2 (U
+V
) + mΩ
− gW ⎥ = 0
∂t
∂x
∂y
∂η
⎣
⎦

(A.1.10)
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⎡ ∂Uqm ∂Vqm ⎤
∂Qm
∂Ωqm
+ m2 ⎢
+
+m
= FQm ,
⎥
∂y ⎦
∂η
∂t
⎣ ∂x

(A.1.11)

the diagnostic relation for the dry inverse density
∂φ
= −α d μ d ,
∂η

(A.1.12)

and the diagnostic equation for full pressure (vapor plus dry air)
p = p0 ( Rd θ d p0α d ) γ , where γ = c p cv = 1.4

(A.1.13)

FU , FV , FW , FΘ , FQm are mixing terms and physical forcings. The Coriolis and curvature terms

can be written as follows:
FU cor = + ( f + u

∂m
∂m
uW
−v
)V − eW cos α r −
∂y
∂x
re

(A.1.14)

FVcor = −( f + u

∂m
∂m
vW
−v
)U + eW sin α r −
∂y
∂x
re

(A.1.15)

FVcor = + e(U cos α r − V sin α r ) + (

uU + vV
)
re

(A.1.16)

where α r is the local rotation angle between the y − axis and the meridians, ϕ is the
latitude, f = 2Ω e sin ϕ , f = 2Ω e cos ϕ is the angular rotation rate of the earth, and re is the
radius of the earth.
In order to reduce truncation errors in the horizontal pressure gradient calculations in
the discrete solver and the machine rounding errors in the vertical pressure gradient and
buoyancy calculations, the governing equations can be recast by using perturbation variables.
The new variables are defined as perturbations from a hydrostatically-balanced reference
state, and the reference state variable (denoted by overbars) are defined as a function of
height only and satisfy the governing equation for an atmosphere at rest. That is, the
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reference state is in hydrostatic balance and is strictly only a function of height z . Therefore,
the new variables are defined as follows: p = p ( z ) + p ′ , φ = φ (z ) + φ ′ , α = α (z ) + α ′ ,

μ d = μ d ( z ) + μ d′ . p , φ , and α are functions of ( x , y ,η ) . The momentum equations are
written as follows:
⎡ ∂Uu ∂Vu ⎤ ∂Ωu
∂U
∂p ′
∂p
+ m⎢
+
+
+ (μd α
+ μd α ′ )
⎥
∂t
∂y ⎦ ∂η
∂x
∂x
⎣ ∂x
+ (α α d )( μ d

∂φ ′ ∂p ′ ∂φ
∂φ
+
− μ d′
) = FU cor + FU
∂x ∂η ∂x
∂x

(A.1.17)

⎡ ∂Uv ∂Vv ⎤ ∂Ωv
∂V
∂p ′
∂p
+ m⎢
+
+
+ ( μd α
+ μd α ′ )
⎥
∂t
∂y ⎦ ∂η
∂y
∂y
⎣ ∂x
+ (α α d )( μ d

∂φ ′ ∂p ′ ∂φ
∂φ
+
) = FVcor + FV
− μ d′
∂y ∂η ∂y
∂y

(A.1.18)

⎡ ∂Uw ∂Vw ⎤ ∂Ωw
∂W
+ m⎢
+
+
∂t
∂y ⎥⎦ ∂η
⎣ ∂x
− m −1 g (α α d )[

∂p ′
− μ d ( qv + qc + q r + ...)] + m −1 μ d′ g = FWcor + FW ,
∂η

(A.1.19)

and the mass conservation equation (A.1.9) and geo-potential equation (A.1.10) become
⎡ ∂U ∂V ⎤
∂μ d′
∂Ω
+ m2 ⎢
+
+m
=0
⎥
∂t
∂η
⎣ ∂x ∂y ⎦

(A.1.20)

⎡
⎤
∂φ ′
∂φ
∂φ
∂φ
+ μ d−1 ⎢m 2 (U
+V
) + mΩ
− gW ⎥ = 0
∂t
∂x
∂y
∂η
⎣
⎦

(A.1.21)

The conservation equations for the potential temperature (A.1.8) and scalars (A.1.11)
remain unchanged. The hydrostatic relation (A.1.12) in the perturbation system becomes
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∂φ ′
= − μ d α d′ − α d μ d′ .
∂η

(A.1.22)

The solver of ARW is represented by equations (A.1.17)-(A.1.21), (A.1.8), and (A.1.11).
(A.1.14)-(A.1.16) are Coriolis terms. FU , FV , FW , FΘ , and FQm are mixing terms and
parameterization physics.
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Appendix II Nature Neighbor Interpolation
A2.1 The Basic Considerations for an Interpolant
In a limited region E of Euclidean space in K dimension (usually K=1,2,3) with fairly
simple kind, probably bounded, possibly convex, possibly polyhedral, there is a finite
number N of distinct points Pn at vector position un, which are called data sites. Each data
site has a numerical observation zn at Pn. Conventional meteorological observation can be
regarded as possessing these properties.
It is very difficult to discern their patterns if they are in their raw observation
positions and original quantities. To see their behaviors, one may reconstruct the possible
continuous function from these isolated observations to fill the gap of the discrete
observation. Therefore, some sensible assumptions or general principles, if not axioms, may
be complied as an interpolant to make it relatively natural and reasonably smooth to the
observation and the behavior very much like the original function from which the data were
drawn. For a common spatial data, the following properties of an interpolant may be
comprised:
1. The interpolant is a first-order continuously differentiable function which possesses the
visually smooth behavior according to our mathematical knowledge;
2. The interpolant should accordingly run as little risk as possible of provoking
misinterpretation of the data if there is no convincing way to interpolate or assimilate the data;
3. The extrapolation should be avoided, which means the interpolation should be within the
observational region.
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4. The method should not depend on either the implicit (e.g. choice of the coordinate system)
or explicit (e.g. choice of a superimposed grid of the panels) arbitrary choices unrelated to
the intrinsic property of the data.
5. The dependence of the interpolation function on the data should be very simple and wellbehaved. The linear relation is the best so that the interpolant could be multiplied by a scalar
throughout and could be added and subtracted as two systems of data at the same data site .
6. The minimum first-order continuity, if not the continuously differentiable, is desired so
that the interpolant does not jump from one state to another in response to a small change in
data site position.
7. The interpolant should be localized, i.e. only data sites reasonably near neighbors should
influence the interpolated value at a point.
8. The method should be computationally feasible on a reasonably large scale without undue
difficulty such as memory and implementing time-effectiveness requirements.
9. The interpolant should not be limited to specific dimensionality if the data does not have
dimensionality-dependent property mathematically and statistically.
A2.2 Natural Neighbor Interpolation
There exist many methods for spatial interpolation both within and outside the
meteorological community. Some are so defective such as the method of bicubic spline and
bilinear interpolation in two dimensions commonly used for generating the guess regular grid
fields for the higher resolution model from the coarse grids. Some appear to merit serious
consideration based on spatial moving averages such as Kriging (Matheron, 1973, Stein,
1999). Fuentes (2002) elaborates the special application in environmental process of the
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Kriging method. However, the large computational requirement limits the feasibility of
implementing the method (Fuentes, 2006).
The nature neighbor method introduced, but not implying a replacement for the
existing methods, has particular advantages mathematically and computationally which may
attract meteorological application.
In natural-neighbor interpolation the idea of “neighbor” in spatial configuration is
formalized in a natural way and made quantitative, and the properties of the method depend
on the geometrical identity relating the quantitative measure of the “neighborliness” to
position (Sibson, 1981).
In order to construct the neighborliness, the Dirichlet tessellation is used. The
subdivision E constructed is open, convex, and polyhedral. The subset of E of points with
data sites Pn as the nearest neighbor among all data sites is defined as tiles. The neighbors of
the data sites are defined as two tiles sharing a common facet. The detailed description of the
formulae is introduced in Sibson (1981).
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Appendix III List of Acronym
1DD
One Degree Daily
ACE-2
Second Aerosol Characterization Experiment
AdTOVS
AdTOVS
AGPI
AGPI
AGCM
Atmospheric General Circulation Model
AIRS
Atmospheric Infrared Sounder
AVHRR
Advanced Very-High Resolution Radiometer
ARM
Atmospheric Radiation Measurement
BCCR
Bjerknes Centre for Climate Research, Norway
BCC
Beijing Climate Center/China
CAM3
Community Atmosphere Model version 3
CCCma
Canadian Centre for Climate Modelling & Analysis/Canada
CCM3
Community Climate Model version 3
CCN
cloud condensation nuclei
CCSR
Center for Climate System Research/The University of Tokyo/Japan
CMAP
CPC Merged Analysis of Precipitation
CMAR
CSIRO Marine and Atmospheric Research/Australia
CNRM
Météo-France / Centre National de Recherches Météorologiques/France
CPC
Climate Prediction Center
COADS
Comprehensive Ocean-Atmosphere Data Set
CoLM
Community Land Model
CRU
Climate Research Unit
CSIRO
Australia's Commonwealth Scientific and Industrial Research Organisation
DAO
Data Assimilation Office
DMSP
Defense Meteorological Satellite Program
DOE
Department of Energy
ECMWF
European Centre for Medium-Range Weather Forecasts
ENSO
El Niño–Southern Oscillation
ERA
ECMWF Reanalysis
ERA-15
ECMWF 15-year reanalysis
ERA-40
ECMWF 40-year Ranalysis
ESCM
Earth System Climate Model
FPAR
Fraction of Photosynthetically Active Radiation
FRCGC
Frontier Research Center for Global Change/JAMSTEC/Japan
GATOR-GCMOM
Gas, Aerosol, Transport, Radiation, General Circulation, Mesoscale,
and Ocean Model
GCM
Global Climate Model
Geo
Geosynchronous
geo-IR
Geosynchronous-orbit IR
GEWEX
Global Energy and Water Cycle Experiment
GFDL
NOAA/ Geophysical Fluid Dynamics Laboratory/USA
GHA
the Greater Horn of Africa
GHRSST-PP GODAE High-Resolution SST Pilot Project
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GISS
GMDC
GMS
GODAE
GOES
GPCC
GPCP
GPCP-1DD
GPCP-V2-SG
GPI
GPROF
GSFC
GSPDC
GSWP-2
HadCen
HIRS2
HYCOM
IAP
ICOADS
ICTP
INM
IODM
IPCC
IPCC AR4
IPSL
IR
ITCZ
LAI
LASG
Leo
leo-IR
LLNL
LSM
MABL
METRI
MIRAGE
MIUB
MM4
MM5
MODAS
MODIS
MOZART
MPI-M
MRI

NASA / Goddard Institute for Space Studies/USA
GPCP Merge Development Centre
Geosynchronous Meteorological Satellite
Global Ocean Data Assimilation Experiment
Geosynchronous Operational Environmental Satellites
Global Precipitation Climatology Centre
Global Precipitation Climatology Project
GPCP 1-Degree Daily combination precipitation
GPCP version 2 Satellite-Gauge combination precipitation
GOES Precipitation Index
Goddard Profiling Algorithm
Goddard Space Fleet Center
Geostationary Satellite Precipitation Data Centre
Global Soil Wetness Project-2
Hadley Centre for Climate Prediction and Research/Met Office/UK
High-Resolution Infrared Sounder 2
Hybrid Coordinate Ocean Model
Institute of Atmospheric Physics of China
International Comprehensive Ocean-Atmosphere Data Set Project
International Centre for Theoretical Physics
Institute for Numerical Mathematics/Russia
Indian Ocean Dipole Mode
Intergovernmental Panel for Climate Change
Intergovernmental Panel for Climate Change Fourth Assessment Report
Institut Pierre Simon Laplace/ France
Infrared
inter-tropical convergence zone
Leaf Area Index
State Key Laboratory of Numerical Modeling for Atmospheric Sciences and
Geophysical Fluid Dynamics/China
Low-Earth-orbit
Low-earth-orbit IR
Lawrence Livermore National Laboratory
Land Surface Model
marine atmospheric boundary layer
Meteorological Research Institute of KMA/Korea
Model for Integrated Research on Atmospheric Global Exchanges
Meteorological Institute of the University of Bonn
Penn State/NCAR Mesoscale Model version 4
the fifth generation Penn State/NCAR Mesoscale Model
Modular Ocean Data Assimilation System
Moderate Resolution Imaging Spectroradiometer
Model for Ozone and Related Chemical Tracers
Max Planck Institute for Meteorology/Germany
Meteorological Research Institute of Japan
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MSLP
MSU
NARR
NASA
NCAR
NCDC
NCEP
NCL
NCSU
NDVI
NIES
NNI
NOAA
NOAH LSM
NRC
NRCM
NWP
OI
OLR
OSU
OPI
PBL
PCMDI
PNNL
QuikSCAT
RCM
RegCM2
RegCM3
RMS
RRTM
SPCZ
SSM/I
SST
SSTA
Tb
TIROS
TOA
TOVS
UCLA
UIUC
WCRP
WMO
WRF
WRF/Chem

mean sea level pressure
Microwave Sounding Unit
North America Regional Reanalysis
National Aeronautics and Space Administration
National Center for Atmospheric Research
National Climatic Data Center
National Center for Environmental Prediction
NCAR Command Language
North Carolina State University
Normalized Difference of Vegetation Index
National Institute for Environmental Studies/Japan
Nature Neighbor Interpolation
National Oceanic and Atmospheric Administration
NCEP-Oregon State University-Air Force-Hydrologic Research Lab LSM
National Research Council
Nested Regional Climate Model
Numerical Weather Prediction
optimum interpolation
Outgoing Longwave Radiation
Ohio State University
OLR Precipitation Index
Planetary Boundary Layer
Program for Climate Model Diagnosis and Intercomparison
Pacific Northwest National Laboratory
Quick Scatterometer
Regional Climate Model
Regional Climate Model version 2
Regional Climate Model version 3
root-mean-square
Rapid and accurate Radiative Transfer Model
South Pacific Convergence Zone
Special Sensor Microwave/Imager
Sea Surface Temperature
SST anomalies
Brightness Temperature
Television Infrared Operational Satellite
top of the atmosphere
TIROS Operational Vertical Sounder
University of California – Los Angeles
Universitty of Illinois at Urbana-Champaign
World Climate Research Programme
World Meteorological Organization
Weather Research and Forecasting
Weather Research and Forecasting/Chemistry
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