





Figure 4.28: Difference (A2-Ref) for the number of times the 95% was exceeded for tempera-
ture during January, April, August, and November.
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Figure 4.29: Heat wave duration index defined as six or more days with projected temperature
greater than 5C.
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Figure 4.30: Difference (A2-Ref) for the number of times the 95% was exceeded for precipi-
tation during January, April, August, and November.
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Figure 4.31: A2-Ref average daily precipitation averaged over longitude 22E to 54E.
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A2—Ref Raindays > 10mm
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Figure 4.32: Change in the average number of days with rainfall greater than 10 mm/day.
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Figure 4.33: A2-Ref difference in the number of consecutive dry days.
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Chapter 5

Climatological Initial and Boundary

Conditions for projecting climate change

5.1 Introduction

Previously we discussed of taking a “climatological ICBC” approach in Regional Climate
Model simulations for projecting climate change. The idea initially proposed by Vizy and
Cook (2002) is to generate monthly mean data centered on the middle of each month and lin-
ear interpolate in time every 12 hours to generate boundary conditions. Vizy and Cook (2002)
conducted numerous tests with climatological ICBCs including changing the resolution and
domain size. The resolution impact on the circulation was minimum while the changing the
domain size had more influence on the interior solution. They also compared the climatologi-
cal solution to a climatological period for select years and found comparable results. They also
found that the diurnal oscillation did not significantly influence the solution. Riddle and Cook

(2008) also applied the climatological ICBC to diagnose abrupt transitions in the rainfall for
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the GHA. They found that the climatological ICBC approach is able to simulate the monsoon
jump over the GHA.

The “climatological” ICBC approach has never been compared against an actual climatol-
ogy. This study will be the first to do a direct comparison between the simulation of clima-
tological ICBC averaged for 30 years in comparison to a continuous simulation for 30 years.
Additionally, we hypothesize that this approach maybe useful for RCMs for climate change
simulations. The only downfall in the approach is examining extremes and diurnal cycles
which are averaged out in the climatological approach. Hence, the RCM climatological ap-
proach is most useful for seasonal mean changes. RCM climate change simulations are costly
and require significant storage for the output and the 6 hourly ICBC data to drive the simulation.
This method would eliminate the storage requirements for both output and ICBC. Eliminating
this requirement would allow for smaller groups to downscale multiple GCMs effectively to
resolve the uncertainty in the downscale simulation. It is important to note that we are only
testing the climatological simulation for a tropical domain. It has been suggested that this
approach works in the tropics because there are few transients (large scale eddies such as syn-
optic fronts) moving through the boundary organizing precipitation such as in the mid-latitudes
(personal communication Kerry Cook).

We envision there are many additional advantages with this method, but testing all of these
advantages will be recommended for future simulations. Some of the foreseeable advantages
include: 1) sensitivity of boundary location; 2) sensitivity to boundary nudging; 3) climate
attribution based on the sensitivity of the lateral boundaries; 4) model customization; 5) per-
turbed physics ensemble. One advantage that we will test in our simulation is the sensitivity
of the boundary forcing because we feel that cutting across the Congo is the possible source

of error in many of our simulations described in the preceding chapters. We ignored an artifi-
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cial discontinuity across a region with highly coherent regimes of precipitation and latent heat
release. Additionally, Vizy and Cook (2002) found that the boundary location influenced the
interior solution using the climatological approach. Finally, it has been suggested that a larger
domain in the tropics is more likely to deviate from the large scale boundary forcing which is

typically weaker in the tropics Wang et al. (2004).

5.2 Methodology

Monthly climatologies are generated for the FVGCM boundary forcing. The method is sim-
ilar to that of Vizy and Cook (2002). A monthly climatology is generated from the 6 hourly
FVGCM ICBC data centered on the middle of the month for the reference period 1961-1990
for each month. A linear interpolation is applied to the monthly climatology every 6 hours to
generate the reference “climatological” initial and boundary condition files. For the A2 ini-
tial and boundary conditions, a monthly mean anomaly for the A2 scenario is applied to the
monthly reference climatology. Linear interpolation is performed on this data to generate ini-
tial and boundary condition files for the A2 scenario. For SST, a simple monthly climatology
is generated for both the reference and A2 time periods.

A continuous one year simulation beginning in January is performed using the “climato-
logical” ICBC data with a one month spin-up (December). The simulation is performed for the
previous 40km simulation for comparison with the continuous simulation 30 year climatology.
An additional simulation is performed for almost the entire Africa continent at 40km. The
larger African domain simulations are centered at 7°S and 24°E consisting of 200 grid-points

in the latitude direction and 176 grid-points in the longitude direction with 18 vertical levels.
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5.3 Results and Discussion

This section will investigate the ability of the “climatological” ICBC to simulate contemporary
climate and climate change when compared against the 30 year continuous simulation. Our
analysis will use the seasons and regions as previously defined. We will also compare the
climate change “climatological” continental domain against the 30 year simulation focusing
on the GHA region. We also will also examine the entire continental downscaled climate
simulation which will help to illustrate the GHA climate change with respect to the continental

scale projections.

5.3.1 Contemporary ‘“Climatological” ICBC Performance

Figure 5.1 is a plot of the RegCM3 temperature bias for the “climatological” and 30 year con-
tinuous simulation. It is evident from this figure that for most of the year the “climatological”
ICBC has a similar cold bias for most regions and seasons as the 30 year simulation. The
only exception is during the JF season. This brings up an important point that a one month
spin-up in “climatology” mode may not be long enough to establish an equilibrium state. For
instance the soil layers may require more time (order of several months) for equilibruim. Un-
fortunately, we did not test different spin-up times to determine if the bias switches sign with
a longer model spin-up. Perhaps the most important observation is that the temperature bias is
generally smaller for most regions and seasons compared to the 30 year simulation. The bias
for MAM and OND seasons is smaller for all regions in the “climatological” ICBC simulation.
During JJAS the bias is also smaller for a majority of the regions (Congo, Kenya, and Tanza-
nia). Overall, the results illustrate the “climatological” ICBC approach is able to reproduce the

mean seasonal temperature during the contemporary climate.
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Figure 5.2 is a comparison of the “climatological” ICBC and 30 year simulation for the
mean seasonal precipitation over the homogeneous regions. The precipitation for both is clearly
overestimated for almost all seasons. The “climatological” approach simulates the propagation
of the ITCZ. As in the 30 year simulation the largest error follows the ITCZ. The largest
difference between the two simulations is over northern GHA during the JJAS season. In
particular, the largest difference is found over Sudan where the precipitation is more than 4
mm/day larger in the “climatological” ICBC simulation compared the continuous simulation.
We hypothesize that the poorer performance in the “climatological” simulation is because the
convection can be organized by African easterly waves. We do note that this hypothesis is
contrary to Vizy and Cook (2002) study that originally performed “climatological” simulations
over West Africa. However, they note that the domain must be large enough for the RCM to
develop its own circulation; therefore, the domain size for just the GHA may not be suitable
for climatological simulations over this region. Besides the JJAS season, the model mean
precipitation is very similar between the two simulations. The results demonstrate that the
“climatological” ICBC method suggesting that the “climatological” ICBC method for most of

GHA is a possible alternative to multi-year simulations.

5.4 “Climatological” ICBC climate change projections

The above analysis illustrated that the RegCM3 “climatological” simulations have similar skill
in simulating the mean climate when compared to the 30 year simulation. Thus, we hypothe-
size that the RegCM3 will be a successful way to downscale mean climate change projections.
Figure 5.3 is a plot comparing the climate change projections for the various seasons. The top

4 panels represent the “climatological” ICBC seasonal projections. The bottom 4 panels are
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the projections for the continuous simulation. Comparison of the JF season (top left) shows
that the “climatological” ICBC temperature projection range is much larger than the 30 year
simulation. For example, northwest Kenya is projected to be more than 1C warmer while Tan-
zania is projected to be cooler by as much as 0.5C in the “climatological” simulation. The
larger range in the projections is consistent for all seasons for the “climatological” simulation.
During MAM (top right), comparison of the temperature projections illustrates that differences
as large as 2°C can exist over a large regions such as for eastern Sudan. This is a major concern
because the RegCM3 simulation should retain the large scale changes while resolving the re-
gional details. However, this is the only location where a coherent large scale difference exists
across the seasons. The remaining two seasons of JJAS (bottom left) and OND (bottom right)
illustrate that the “climatological” ICBC simulation is able to project regional details despite
issues regarding the intensity. In particular, we note that northwestern Kenya and southeastern
Sudan is a region where the “climatological” simulation consistently agrees with the 30 year
simulation. It is not expected that the “climatological” approach will provide identical results.
However, would one come to different conclusions about projected climate change for a spe-
cific region using this approach? This ultimately is linked to impact assessments which we
can only generalize since this output has not been used in any impact studies. Our subjective
conclusions for the temperature projections based on visual inspection is that problems with
intensity and large scale differences makes this approach a questionable method. This is sur-
prising because the “climatological” simulation mean bias was smaller on average than the 30
year simulation. However, it is important to recall that some areas may take a longer model
spin up, which may be an unfair comparison for given locations.

What could be possible problems with this approach specifically for temperature? We hy-

pothesize three possible problems with the “climatological” approach. We previously demon-
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strated that their was a shift in the variance to more extreme heat waves in the future. The
“climatological” approach is an average approach and smooths out extremes. Secondly, the
climatological approach does not have the diurnal cycle and we previously demonstrated that
the mean temperature projections do rely on the diurnal cycle. Lastly, Vizy and Cook (2002)
found that a larger domain with the “climatological” approach tends to improve the interior
model solution suggesting that our model domain may be too small. Unfortunately, we have
only tested the later of these hypothesis by changing the domain size which we will discuss
later in this chapter.

Does precipitation using the “climatological” approach also have similar intensity and large
scale problems as seen for temperature? Figure 5.4 is a comparison of the mean seasonal pre-
cipitation projections for the “climatological” (top) and 30 year (bottom) simulations. The JF
season (top left) demonstrates that precipitation projections can agree at very local scale, but
as with temperature the intensity is too large. The MAM season (top right) illustrates that
the intensity is more complicated for precipitation. For example, for central Kenya the cli-
matological approach does not simulate moderate changes in precipitation illustrating there
can be problems even with the sign of the projections. The JJAS season (bottom left) shows
that the “climatological” approach has some problems with the exact location of the changes,
but the approach can simulate local shifts in the sign of the precipitation projections. For ex-
ample, the wetter Ethiopian Highlands compared to a drier eastern Sudan. The OND season
demonstrates a typical problem with simulating just one year in that the local precipitation can
have convective “hot spots”. By “ hot spots” we mean localized areas of spotty precipitation
changes. We hypothesize that the “hot spots” may be eliminated or reduced using an ensemble
of “climatological” simulations. This can be either a continuous simulation of several years or

several separate simulations initializing with different days. However, the results for precipi-
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tation tends to agree with the temperature results as the “climatological” approach will likely
provide a different conclusions at a regional scale compared to the 30 year simulation.

Figure 5.5 is a plot comparing the continental “climatological” ICBC temperature projec-
tions with the 30 year simulation for the GHA region. Direct comparison is not as useful in this
case because the domain size is different. But the comparison may provide insight into some
of the boundary condition problems in the 30 year simulation and if the “climatological” ICBC
method provides any promise for dynamical downscaling of climate projections given a larger
domain. The JF season (top left) illustrates that their are likely deficiencies in the boundary
conditions for the western and southern domain in the 30 year simulation. The 30 year simula-
tion has an unrealistic warming paralleling the western boundary. This is likely because their
is a maximum in the projections for northern and southern GHA and the relaxation technique
in RegCM tries to make adjustments to this maximum by smoothing over the boundary. The
southern GHA also has large differences when comparing the two simulations with a minimum
in the projected cooling for southeastern continental GHA. It is important to note that this was
not present in the “climatological” simulation using the GHA domain confirming that the pro-
jections for this region is limited by being close to the boundary. We comparing the projections
to understand if this method is plausible for climate change projections we find that the agree-
ment between the continental “climatological” simulation more closely resembles the 30 year
projections than the “climatological” simulation for the GHA domain as seen in Figure 5.3.
So do these observations based on temperature for the JF season hold true for the boundary
condition problems and usefulness of the “climatological” approach for other seasons? The
boundary condition problems are most notable for the MAM and OND season for the south-
ern boundary. The continental “climatological” simulates cooler projections for southeastern

continental GHA which is more consistent with the FVGCM projections, Figure 4.9. Thus,
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we feel that the “climatological” continental adds value simply because of moving the domain
further away from the area of interest. As for the temperature projections, the continental “cli-
matological” simulates similar local projections with no large scale differences as previously
seen. Examples of simulate local projections similar to the 30 year simulation include but not
limited to: JF season for northwest Kenya and northern Tanzania, MAM for eastern Kenya and
country border between Sudan and Ethiopia, JJAS for northwest and coastal Kenya, OND for
eastern Ethiopia and northern Kenya. However, despite the improved spatial distribution of
many features, but we find that the range in the projected warming can be rather different for
these locations. For example, during the OND season over Kenya the “climatological” simu-
late projects temperatures to be more than 1C warmer. Since this problem is consistent with the
“climatological” simulation for the GHA domain the range in the projections is a problem that
is likely to devalue the simulation for many impact purposes. We hypothesize that performing
an ensemble simulation as previously described will eliminate many of the problems with the
magnitude of the projections.

There is a consistent improvement for the temperature projections including problems re-
lated to the boundary. Does the precipitation field also exhibit similar improvements? Fig-
ure 5.6 compares the continental “climatological” precipitation projections with the 30 year
simulation. The boundary problems in the 30 year simulation is not clearly evident for pre-
cipitation. But the projections are significantly improved in the continental simulation as the
regional details closely resemble the 30 year simulation. For instance the MAM projections
for the original GHA “climatological” simulation did not simulate an increase in precipitation
for central Kenya while the larger domain is able to simulate an increase in precipitation. The
main problem is the magnitude of the projections are larger for the “climatological” simulation

with regional convective “hot spots” that is usually averaged out during a multi-year simula-
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tion. We propose that using the bias adjustment technique previously used on the precipitation
projections with an ensemble approach to average out the convective “hot spots” this technique
will be useful for simulating climate change over this region when using a larger continental
domain.

One benefit of running the “continental” domain is that you can have downscaled regional
climate change projections for a much larger area. We will not discuss other regions relative to
FVGCM but warrants attention at some point. However, we can visualize the GHA projections
relevant to the projections over the entire continental Africa. Figure 5.7 is the temperature pro-
jections for continental Africa using the “climatological” approach. There are some interesting
features of relevant importance for the GHA. The eastern portion of the continent has the one
of the largest variations in the seasonal projections. The only other location that exhibits large
seasonal variability is the JF season over the Sahara when compared to other parts of the year.
It is also notable that there is much more regional changes for the GHA region when compared
to other regions such as southwestern GHA. Investigation of the precipitation projections, Fig-
ure 5.8, also illustrates that the spatial variability for the GHA tends to be more complex than
for many other regions of Africa deeming the value of RCM simulations for this region. The
precipitation structure also reveals that the precipitation tends to decrease for the western por-
tion of the continent and increase to the east. Overall, there is a tendency for large continental
precipitation shifts for most seasons. The only season with less coherent large scale changes is

during the OND season.
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5.5 Conclusions

This chapter demonstrates that the “climatological” ICBC approach is sensitive to the boundary
size in agreement with the previous study of Vizy and Cook (2002). The GHA “climatologi-
cal” ICBC simulation illustrates that even large scale differences in the projections exist. This
is somewhat surprising because smaller domains are more controlled by the large scale circu-
lation and less likely to deviate from the large scale. However, we find when expanding the
domain, the model is able to generate temperature and precipitation projections more realis-
tically when compared with the 30 year simulation. We also find boundary problems in the
30 year simulation is largest for the temperature projections; therefore, we caution that there
is more uncertainty in the projections near the boundaries. The magnitude of the projections
(increasing the maximum and minimum) is likely for both temperature and precipitation pro-
jections using the “climatological” approach. The model’s inability to simulate the magnitude
is not surprising for precipitation as we previously removed the consistent bias even for the
30 year simulation. Overall, the results favor the use of the “climatological” approach. The
following chapter will discuss the future of this approach and tests that will help determine the
reliability of this method for dynamical downscaling for this region and regions outside the

GHA.
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Figure 5.1: Comparison of the temperature bias for the “climatological” ICBC simulation com-
pared to the 30 year continuous simulation. The temperature bias is compared over homoge-
neous regions for the seasons.
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Figure 5.2: Comparison of the precipitation totals for observations, “climatological” ICBC
simulation, and the continuous 30 year simulation. The comparison is made for the homoge-
neous regions and seasons.
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Figure 5.3: A2-Ref seasonal 2m surface temperature comparison of the “climatological” ICBC
simulation (top) and the continuous 30 year simulation (bottom).
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Figure 5.4: A2-Ref seasonal precipitation comparison of the “climatological” ICBC simulation
(top) and the continuous 30 year simulation (bottom).
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Figure 5.5: A2-Ref seasonal 2m surface temperature comparison of the “climatological” ICBC
simulation for the African domain zoomed over GHA (top) and the continuous 30 year simu-
lation (bottom).
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Figure 5.6: A2-Ref seasonal precipitation comparison of the “climatological” ICBC simula-
tion for the African domain zoomed over GHA (top) and the 30 year continuous simulation

(bottom).
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nental African domain.
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Figure 5.8: A2-Ref seasonal precipitation “climatological” ICBC simulation for the continental
African domain.
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Chapter 6

Summary, Conclusions and

Recommendations

6.1 Summary

The main objective of this study was to provide dynamically downscaled climate change pro-
jections using a Regional Climate Model (RCM; RegCM3) for the Greater Horn of Africa
(GHA). This is one of the first studies to dynamically downscale tropical Africa and one of
few studies dynamically downscaling for the tropics as a whole. To be able to provide rea-
sonable insight into the downscaled climate change projections we provide a framework for
dynamical downscaling climate change simulations. This suggested idealized framework (sec-
tion 6.3) is cumbersome because of the amount of storage needed for ICBCs (Reanalysis and
GCM), model output storage (RCM and GCM), and computational expense limiting our ability
to discuss the regional uncertainty of climate change using multiple GCMs. Therefore, we pro-

vide a new approach limiting the amount of computational time and storage allowing smaller
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groups the ability to dynamically downscale multiple GCMs to better diagnose climate change
uncertainties.

The first part of this study customized RegCM3 for precipitation processes. Precipitation
processes in the tropics have a large prediction potential because of the climate response to SST
but somewhat limited by the inherent chaos of tropical convection. The customization pro-
cesses addressed issues related the various convective schemes and micro-physics sensitives.
The customized model was applied to a 40 year continuous simulation using NCEP-NCAR
reanalysis and observed SST to determine the model’s mean error and ability to simulate the
climate variability.

Before downscaling a single GCM for climate change projections, the mean error and
variability of different GCMs were quantified during the contemporary climate. Specifically,
we compared the mean error and variability of the NASA-NCAR Finite Volume GCM time
slice experiment (FVGCM), used to drive the RCM climate change projection, with the IPCC
AOGCMs. We then compare the projected changes for the same models to help quantify the
uncertainty in the FVGCM projections before dynamically downscaling. The FVGCM projec-

tions were compared with the RegCM3-FVGCM simulations to determine added value.

6.2 Conclusions

In the first chapter, we customized RegCM3 for the GHA. We compared the partitioned con-
vective rainfall from TRMM with various convective schemes available in RegCM3. We found
that Grell scheme using closures of Arakawa and Schubert (1974b) and Grell (1993) did not
generate enough convective rainfall over the continent. However, the EMAN (Emanuel, 1991b;

Emanuel and Ivkovi-Rothman, 1999) convective scheme provided realistic partitioning of con-
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vective rainfall despite the tendency for overestimation. Sensitivity tests were also performed
on the model micro-physics. Tests of the minimum threshold for cloud formation revealed that
changes in the relative humidity threshold tended to influence convective precipitation more
than the large scale stratiform precipitation. A minimum threshold of 60% provided the best
overall simulation for precipitation when combined with the EMAN convective scheme. Ad-
ditionally, we tested the Zeng Ocean Flux scheme relative to BATS. We found that the Zeng
Ocean Flux scheme reduced the amount of evaporation and rainfall over the GHA. However,
we chose to take advantage of the 1D lake model which required the BATS scheme because of
our hypothesis that large lakes such as Lake Victoria are likely to play an important role as a
source of moisture in regional climate change and specific interest in Lake Victoria hydrology.

Chapter 2 examined the GCM performance over the GHA during the contemporary climate.
Comparisons were made in the light that poor model skill in the contemporary climate is a sign
that physical and dynamical processes are being misrepresented. We found that the IPCC
GCMs tend to have a wet bias. The overall model error based on precipitation and temperature
typically increased for the northern GHA region including Sudan and Ethiopia. Additionally,
many AOGCMs have problems with the time-latitude propagation of precipitation with an
over estimation of the maximum latitude of precipitation associated with the ITCZ. We also
found that the temperature variance was too large in some of the AOGCMs in the equatorial
tropics. Despite these problems, the large scale low-level circulation was well represented
during the monsoon peak months of January and July. Comparing FVGCM errors with the
AOGCM indicates that the FVGCM shares in many of the AOGCM deficiencies. Particularly,
the FVGCM has a wet bias and overestimates the latitudinal position of rainfall associated with
the ITCZ during the summer monsoon season. The main difference between the FVGCM and

other GCMs was a systematic cold temperature bias. The results illustrate that GCM error
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varies regionally and seasonally within the GHA region for the same GCM complicating the
choice of best GCM for certain variables of interest. Specifically, we use the FVGCM for future
dynamical downscaling with RegCM3. One may argue that other models are more suited for
downscaling for this region, but there are several merits of downscaling FVGCM relative to the
other models. The first merit is the FVGCM has a higher resolution which is likely to be typical
of resolution of GCMs in future climate change assessments. Thus, illustrating value at this
resolution is likely to be helpful for determining the potential of future RCM studies as GCM
resolution increases. Also, the FVGCM resolution plays an important role in the orographic
steering which seems to play an important role in diestributing the moisture into the interior
from the Indian Ocean. Finally, the FVGCM also has a consistent cold and wet bias which
allows us to easier illustrate biases internal to the RCM and biases due to the boundary forcing.

Chapter 3 discussed issues related to the mean, variability and trends in the observations.
We concluded that the mean in the CRU data set was a good representation of the observed
values via cross comparison with other data sets, but the variability is less reliable in particular
when nearby grid-boxes are significantly different. The rainfall trend in the recent decades with
northern GHA becoming wetter was confirmed across several different observational data sets.
The rainfall dipole was found to be “seasonally” locked to the OND season, but the decadal
rainfall shift was not compromised for the annual mean. Onset/ withdrawal/ duration analysis
illustrated the decadal rainfall shift was changing the rainfall duration via changes in the onset
and withdrawal. However, more importantly the year to year fluctuations in the duration was
found to become more intense in the recent years suggesting problems that may arise with
planning insecurities.

Time series analysis of rainfall within the past 100 years illustrated that the rainfall dipole

for northern GHA has a strong multi-decadal component with some trend towards wetter condi-
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tions. Southern GHA does not have as strong a multi-decadal signal , but our analysis indicated
the rainfall for southern GHA is returning to observed drought conditions previously seen in
the early 1900s. Running mean EOF analysis of rainfall within the past 100 years found that
this dipole-like trend mode of variability is likely insignificant in periods outside of the recent
decades.

Chapter 3 also discussed the errors related to the RegCM simulation using observed (NCEP)
and GCM (FVGCM) boundary forcing. In general, RegCM typically added value over the
courser driving lateral boundary data for temperature by realistically simulating regional and
seasonal mean climatological features associated with known surface boundary conditions, and
having significant seasonal and regional annual temperature correlations typically exceeding
0.7. As for precipitation, the RegCM simulations systematically overestimated precipitation
with largest errors co-located with the ITCZ. We found in general that RegCM has select skill
in simulating climatological precipitation mean and anomalies. For instance, RegCM is able to
simulate some observed regional features absence o the GCM solution that is consistent with
known surface boundary forcing, but this added value is compromised by the overestimation
of precipitation and simulating some precipitation features not observed. Despite the precipita-
tion overestimation, the RegCM-NCEP simulation does realistically simulate the propagation
of the precipitation associated with the ITCZ. The precipitation variability skill is found to be
significant for inter-annual variability, but the correlations typically do not exceed 0.6 while
the low frequency precipitation variability of the dipole trend mode is well represented in the
RegCM simulation. Boundary deficiencies were observed most significantly for both temper-
ature and precipitation over the Congo limiting the confidence in the downscaled projections
for this region. Finally, comparison of the RegCM-FVGCM simulation relative to the RegCM-

NCEP revealed that the GCM boundary forcing controls the mean error for temperature more
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than errors internal for RegCM3.

Chapter 4 discussed the IPCC GCM, FVGCM, and RegCM3-FVGCM projected changes
for temperature and precipitation for the A2 scenario. The temperature projections for the IPCC
GCM ensemble, FVGCM and RegCM3-FVGCM was larger than the mean error giving more
confidence of the temperature projections for the GCM and RCM. However, the precipitation
projections were smaller than the mean error. Thus, the precipitation projections should be used
with caution even though most models agree that precipitation will increase east of the Great
Lakes. In particular, the GCM illustrated that the model skill in the contemporary climate may
not be the best measure of model performance when considering climate change projections.
It was found that the best models can vary in the amount of warming and sign of projected
precipitation for large areas. Comparing the FVGCM with the IPCC AOGCMs showed that
the FVGCM temperature projections are cooler than the IPCC AOGCM ensemble. The cooler
projections from FVGCM influenced the RegCM3-FVGCM solution with this solution also
being cooler than the IPCC AOGCM ensemble. For precipitation, the FVGCM projected a
wetter conditions for much of the GHA, except the Congo, also influencing the RegCM3-
FVGCM projections which was wetter than the FVGCM and IPCC GCM ensemble average.

Additionally, chapter 4 discussed the RegCM3-FVGCM projections in light of environmen-
tal and socio-economic activities. The study found that the RegCM3 projections typically adds
value when directly comparing the RegCM and FVGCM projections for both temperature and
precipitation when rationalized with respect to known surface boundary forcing. Additionally,
we found that certain seasons, such as JJAS and OND, have greater added value compared to
other parts of the year, which maybe explained via a combination of the large scale circulation
interaction with the surface boundary forcing. Examination of the surface energy budget illus-

trated that clouds/precipitation was the physical process most responsible for magnitude of the
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local temperature projections. The clouds/precipitation tend to be driven by large scale changes
in mean circulation and mean moisture convergence rather than changes in the available buoy-
ant energy. The extreme changes revealed that the mean daily temperature increased by 2.5C
with an increase in the variance in favor of more heat waves. In particular, more heat waves are
favored over arid-semi arid regions where the precipitation also decreases. For precipitation,
we found an increase in the intensity is responsible for most mean precipitation changes.

Chapter 4 also discussed resolution suitable for resolving many of the regional features
of interest for the GHA region via comparison of a 20km and 40km simulation. We found
that the higher resolution, 20km compared to 40km, is not likely to add value based on the
computational costs, increase in uncertainty with increased resolution, and the GCM boundary
forcing controlling the large scale structure.

Chapter 5 provided a modified approach for dynamically downscaling climate change sim-
ulations for the GHA region. We use an approach similar to Vizy and Cook (2002) where
climatological ICBCs were generated from a linear interpolation of the monthly data. Our
approach is a modification of Vizy and Cook (2002)for climate change projections where the
climate change simulation applies the A2 monthly anomaly to the monthly contemporary cli-
matology and applying a linear interpolation providing the ICBCs for the climate change pro-
jection. We found that comparing the climatological approach with the same domain as the
GHA 30 year continuous simulation may provide a different interpretation of climate change
for a given location. However, when we applied the climatological approach using a larger
domain with a focus on the GHA, the structure tended to be more similar to the continuous
simulation. We also noticed that the larger domain revealed several boundary issues for the
Congo and southern GHA region. A major limitation with the climatological approach is that

the magnitude of the projected changes tend to be more extreme, but this could be related to
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the model spin up. This approach needs to be tested more thoroughly, but the initial analy-
sis suggests this may be a viable option for climate change downscaling when the boundary

conditions are far removed from the region of interest.

6.3 Recommendations

This study has allowed us to understand the complexity of regional climate change projections
from model deficiencies to uncertainty in the projections. We have tried to provide an in depth
description of issues related to observations, GCM/RCM model errors, and GCM/RCM climate
change projections. These issues have allowed us to better understand the issues related to the
observations and models allowing us to make the following recommendations.

The observational network over the GHA proves to be a major limitation for model valida-
tion. We illustrated some of these issues; however, we feel that an attempt needs to be taken
relative to the station data itself to help determine the uncertainty in the observations. This will
help validate some of the GCMs and RCM model bias. Additionally, cross validation should
be performed across several data sets to help better diagnose trends within the contemporary
climate. In particular, we believe that the EOF analysis on 10 year running average data that
overlapped decades for precipitation should also be performed for temperature. This analysis
can be complemented with an EOF analysis over the entire time period which would help to
isolate multi-decadal variability and possible trends for precipitation and temperature. A trend
analysis on these fields and correlation with global climate scale indicators may provide addi-
tional information as to possible phenomenon associated with the contemporary trends. Addi-
tionally, spectral decomposition can be perfromed to determine which scales are predominant.

We also feel that the onset-withdrawal algorithm should be extended to a larger area within the
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GHA. This will likely require some modification to the program for arid to semi-arid regions
where the rainy season can have significant dry spells within the season itself.

RCM customization is an expensive and challenging process. Our attempts at model cus-
tomization were ongoing for more than a year, and we do not want future experiments to take a
“blind” approach as we did initially. Our initial tests changed domain sizes, simulation years,
cumulus parameterizations, sensitivity of some physics options with the cumulus parameter-
izations, micro-physics sensitivities, all while trying to determine the source of error within
the RegCM3. Our attempts discovered stratiform rain rates on the order of more than a 1000
mm/day lasting for more than a day is one major limitation in RegCM3 contributing to the pos-
itive rainfall bias. Davis et al. (2008) found the events were preceded by anomalous moisture
aloft. We feel that future experiments should try to nudge the upper level moisture to more real-
istic values in attempt to minimize this problem. Additionally, we find the RegCM3 preserves
skill for temperature but not precipitation and would be instructive to fixing that problem in
the model. Our model customization also showed that customizing to a particular season is not
as instructive for climate change simulations because other seasons tend to have a larger bias,
and recommend that future customization should consider the entire year for customizing. The
“climatological” ICBC approach is likely to be useful for the model customization and will
reduce the sensitivity to choice of year for customizing the model. Future research should
ascertain if customization of the RCM based on “climatological” ICBCs is sufficient for ob-
taining optimized 30 year ICBCs. We also find that future simulations should try to implement
the Zeng ocean flux in conjunction with the lake model. This requires the lake model to switch
from BATS to Zeng. Finally, there is a need for investigation of the the empirical relationship
between temperature and liquid water content which may be partially responsible for the large

stratiform rain rates. This relationship was originally derived for mid to high latitudes, but
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recent research has revealed that tropical liquid water content exceeds the values used to derive
the current relationship (Gultepe and Isaac, 1997; lacobellis and Somerville, 2000).

Our experience and shortcomings has allowed us to conceptualize a frame work for provid-
ing dynamically downscaled projections for the GHA region. Figure 6.1 is a conceptualized
framework for future dynamically downscaled climate change simulations. The choice of the
“climatological” ICBC approach over the continuous simulation is likely dependent on the
application of the results. If one wants to have a regional sense of climate extremes it is rec-
ommended one use the continuous simulation. The “climatological” simulation should remove
the lateral boundaries significantly away from the study region. How far to move the lateral
boundaries may be dependent on the region, and several tests may need to be performed so
that the boundary does not compromise the simulation. The continuous simulation should try
to optimize the physics as best as possible before moving forward to multi-year simulations.
The advantage of the climatological simulation is that mutliple physics combinations can be
performed to provide a physics ensemble for the climatological simulation. One should also
pay attention to the GCM performance during the contemporary climate with respect to the
ensemble average climate change. If the best model does not agree with the ensemble aver-
aged projection this is a likely sign of uncertainty and the next best model that agrees with
the ensemble should be chosen. We caution that a significant percentage of the models should
agree with the projection otherwise downscaling may not provide valuable information. It is
possible with the “climatological” approach to downscale multiple GCMs because the relative
cost is far less for the continuous simulations. Downscaling multiple GCMs will help future
dynamical downscaling studies to help identify regional climate change uncertainties.

We also recognize that there are some deficiencies with the verification of the RCM sim-

ulations and RegCM3; therefore, we recommend a few additional measures for the model
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evaluation during the contemporary climate as well as improvements to RegCM3. A major
omission is that we have not discussed the role of transients such as MJO, Kelvin and Rossby
waves. That is does the RCM undermine these features as a result of problems intrinsic to the
RCM? Additionally, the evaluation of the extremes in the contemporary climate in our study is
limited. The identification of higher frequency observations will help to determine the RCMs
ability to simulate the extremes helping to understand the uncertainty of extreme changes for
the GHA region. As for the RCM simulations themselves, there are many important areas
where improvements need to be made for more confident projections. We believe that this
list should be prioritized because improvements in some areas may actually cause more uncer-
tainty. For example, we feel that the clouds and precipitation must be better represented for
more confidence. Improvements in this area coupled with dynamic vegetation will provide a
more physically acceptable downscaled projection. Other areas for RCM development include
improvements in the radiative forcing such as aerosol effects and bio-geochemical effects at
the surface. These are a few areas that we see as important for RCMs to provide more realistic

projections based on the understanding of the climate system.
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Conceptual Framework for Dynamical Downscaling using an RCM for climate change

RCM Downscale using climatological approach?

/ \

YES NO
Choose a much larger RCM customization using
domain than region of climatological ICBCs; optimize physics choice
interest as best possible to reduce computations
Run climatological mode for various
physics combinations (while trying to optimize) with observed Mutl-year simulation during contemporary
boundary forcing to generate ensemble RCM climatology climate using observed boundary forcing

Choose best GCM based on contemporary climate performance over region

Does the best model agree with ensemble average projections?
YESi (majori

ity of the GCMs should agree with avg. -if not downscaling is senseless)y NO # Find next best

model until agrees

Perform climate change simulations with best GCM in either
climate mode or continuous simulation using the same physics choices;
- Requires climate mode to perform RCM physics ensemble

Figure 6.1: Conceptualized framework for future dynamically downscaled projections for the
GHA region
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