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Naturally occurring or human induced changes in land surfaceategmehave been rec-
ognized as one of the important factors influencing climate chahige.La Plata Basin
in South America has experienced significant changes in strutaadkicover/land-use
types, and those changes can involve changes in the surface physpeatips such as
albedo and roughness length, evapotranspiration, infiltration, and vetages eventu-

ally affecting the development of precipitation and the hydroclimate of gie.ba

In this study, the Weather Research and Forecast (WRF) modgitegm was employed
to investigate the role of changing land surface conditions ihdHelata Basin. For this
purpose, ensembles of seasonal simulations were prepared for a cas¢raind two ex-
treme land cover scenarios: the first one assumes an expah#menagricultural activi-

ties and the second one assumes a “natural” vegetation cover wheoplaads are pre-

sent.



An extreme anthropogenic land-cover change -simulating ansxéeagricultural prac-
tice- implies that the northern part of the basin, where croplapiscesforests and sa-
vannah, would experience an overall increase in albedo and reduced Bigtiace The
two changes lead to a reduction of sensible heat and surface temgexad a somewhat
higher evapotranspiration due to decreased stomatal resistandeoagérsnear-surface
winds. The effect on sensible heat seems to dominate and leagitecton in convec-
tive instability. The stronger low level winds due to reducedidrcalso imply a larger
amount of moisture advected out of the basin, and thus resulting in redocsdre flux
convergence (MFC) within the basin. The two effects, increasbeditytand reduced
MFC, result in a reduction of precipitation. On the other hand, thédesoupart of the
basin exhibits the opposite behavior, as crops would replace grasskswudsng in re-
duced albedo, a slight increase of surface temperature and etc@asipitation. Nota-
bly, the results are not strictly local, as advective procdesdsto modify the circulation

and precipitation patterns downstream over the South Atlantic Ocean.

A newly developed land surface classification, so-called Etasy$unctional Types
(EFTs, systems that share homogeneous energy and mass exchdahgé® atmos-
phere), is implemented in the WRF model to explore its usefulnesgimnal climate
simulations of surface and atmospheric variables. Results slabwde of the EFT data
improves the climate simulation of 2-m temperature and preeguitaiaking EFTs a
good alternative to land cover types in numerical climate modeatsadditional advan-
tage of EFTs is that they can be calculated on a yearly bHasssrepresenting the inter-

annual variability of the surface states. During dry yearihetemperature and 10-m



wind are more sensitive to changes in EFTs, while during wes yea sensitivity is lar-
ger for the 2-m water vapor mixing ratio, convective availga&ential energy, verti-
cally-integrated moisture fluxes and surface precipitation. ifkisates that the impact
of land-cover and land-use changes on the climate of the LB&mndent not only on
the wetness of the year, but also on the meteorological or chraasdbles. Comparisons
with observations show that the simulated precipitation differendeced by EFT
changes resembles the overall pattern of observed precipithiimyes for those same
years over the LPB. In the case of the 2-m temperature, rthedased changes due to
EFT changes are similar to the observed changes in the gaateamd the southern part

of the basin (especially in Uruguay), where the strongest EFT changesedccur
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Chapter 1: Introduction

Land-atmosphere feedbacks are highly dependent on the physicaltipgopérthe
underlying land cover. The reason is that properties like sudhexlo, surface
roughness, stomatal resistance, radiation stress, and others tredfecay in which
water and energy are exchanged. Changes in land cover and lahdsuaéfect the
exchange of momentum, heat, moisture, and other gaseous/aerosol snbétwakn
the land and the atmosphere. The amount of water in the atmospheetuanidg to
the earth’s surface, in turn, influences many of the key piliepest the land surface.
Figure 1.1 presents diverse radiative forcing terms and theirctsypa global mean
radiation. According to the figure, the albedo modification mdiase changes is
known to have slightly negative impact on the global mean radiatixe However,
because global average masks regional signals, regionakedfeletnd-use changes
can be positive and even much larger in magnitude. This is one wiajbe reasons

why we should study the impact of land-cover/land-asea particular region.

The impact of land-use land-cover changes (hereafter referred to as syagmcal,
regional and global climate has been studied for several laedztyprersions on dif-
ferent regions and spatiotemporal scales (e.g. Pielke et al. M@@@&nd et al. 2003).
The size and the geographic location of the area where land ¢mreges are occur-
ring may determine the extent to which the land cover disturbdfesssalocal, re-

gional and global climate (Marland et al. 2003). Smaller afeas, of the order 10

The terms land-cover and land-use refer to “vegetastructures, or features that cover the land”
and “how land is used by human”, respectively (hitpvw.cara.psu.edu/land/landuseprimer.asp). The
present study focuses on the former, and uses aineth term “land-cover/land-use” or “land-
use/land-cover”.



km) of land cover change can result in changes in the local patterntansity of

precipitation. In tropical regions, where large thunderstorms ageiént, modifica-

tion of land cover over areas that are of hundreds of kilometers/ilayglobal im-

pacts (Pielke 2001, Werth and Avissar 2002). Over Amazonia, Nobre (20a1)

concluded that the effects of deforestation led to a reductievaipotranspiration and

the moisture flux convergence, and consequently on precipitation. Oafemesm-

plies changes in the surface water and energy budgets, but #h&low level circu-

lation (e.g., through changes in the surface roughness) and in therenflistucon-

vergence, all of which produce shifts in the areas of maximumpjemon rather

than on the intensity alone (Hahmann and Dickinson 1997).

Anthropogenic
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Figure 1.1: Radiative forcing components and their known effects on global mean

radiative fluxes (taken from IPCC 2007).



At higher latitudes, like over the U.S. during summer, historeadl Icover changes
produce a strong cooling in the Midwest, and weaker warming towaedattantic
region (Roy et al. 2003). Weak reductions in precipitation assdcwith moisture
transports are also found in the Midwest. Stohlgren et al. (19983miesl evidence
that land use changes in the plains of Colorado influence regionate and vegeta-
tion in adjacent natural areas in the Rocky Mountains, and thatsnogeirrigated
agricultural lands at the expense of grassland and dry croplandthchae a strong
cooling surpassing larger-scale temperature changesdelath observed increases

in greenhouse gases such as.CO

The above processes are most relevant for large regions of Smettic4, and have
been usually discussed for Amazonia, but not much for the La Plata (BBS, see
boundaries in Fig. 1.2). As the second largest basin in South Amtmcd,PB
stretches from the subtropics (about 14°S) to middle latitudes (8836&). As
shown in Figs. 1.2 and 1.3, four subbasins and three large tributary(theeBarana,
the Paraguay, and the Uruguay Rivers) make up the whole LPB,ieachupplying

water resources to surrounding countries (see, e.g., Berbery and Barras 2002)

The Parana River has its head in the northeast of the LPB andsitmtrsvestward

finally arriving at the southern LPB boundary (Fig. 1.3). The Paa&iver starts in

the north of the LPB where the world’s largest tropical wetl@néwn asPantana)

is located. It flows southward and joins the Parana tributaheatduthern boundary
of the Paraguay subbasin. The Uruguay River starts in thefaast LPB and flows

along the boundary between Brazil and Argentina first, and then &etwauguay

and Argentina, joining the Parana tributary at the southern boundahe diPB.



Only this last portion of the three tributary rivers themselgesalled the “La Plata
River” (whose Spanish name is “Rio de la Plata” meaning “Rif/&ilver”). The La

Plata River has an annual-mean discharge at its mouth near BAies®$arger than
that of the Mississippi (Baethgen et al. 2001). The installed hydepgenerating
capacity (mostly in the Parana, a major subbasin) exceeds 20,00@lM@dét double
that of the Columbia River basin, which by far has the lafygstopower production

among U.S. rivers (Baethgen et al. 2001).
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Figure 1.2: The La Plata Basin and its four subbasins.
[Source:
http://www.unesco.org/water/wwap/wwdr/wwdr2/case_studies/img/gdegagif]
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Figure 1.3: Three large tributary rivers in the LPB.
[Source: http://assets.panda.org/img/original/plata.gif]

Precipitation and other land surface water cycle variables inadergone very large
decadal scale changes over the last century in much of theesoyart of South
America, and within La Plata Basin in particular. These changlesh are well
documented, have been as large as 30-40% on the annual means, as shgwin4
(taken from Barros et al. 2000). In comparison with long-term tremdsorth
American precipitation and streamflow, these changes are guie (erg. Climate

Prediction Center, 2001; Lins and Slack, 1999).
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Figure 1.4: (a) Mean annual precipitation in the Humid Pampa; (b) Chamgpset
cipitation from 1950/1969 (black contour) to 1980/1999. Linear precipitation trends
1956-1991 in mm yedr(Barros et al. 2000).



According to Berbery and Barros (2002), interannual and longer timabidy of
LPB’s streamflowreveals a high vulnerability of the region to variationprecipita-
tion. Table 1.1 taken from Berbery and Barros (2002) shows that small changes
precipitation are amplified in the streamflow signal. If weirdefthe sensitivity of
streamflow to basin-averaged precipitation changes as “regibmelte elasticity of
streamflow”, the elasticity was about two from the Table 1.1catdig that for a
given change in precipitation there was a doubling amplificatistreamflow (per-
sonal communication, Berbery 2007). Table 1.1 also shows that such artsgivse
ity was almost unwavering whether analyzed over consecutive (298 vs. 1999),
interannual scales (El Nifio vs. La Nifia), or decades (1951-70 vs.198B&®gry

and Barros 2002).

All these things show that the LPB is a subject of intemestonly for physical rea-
sons but also for practical ones, and precipitation is a very impadaable in the

regional climate.



Table 1.1:Basin averaged rainfall rates and river discharge for the La Plata dir-
responding to different timescale variability (From Berbery and Barrg2)20

Rainfall rate (M s?) | Streamflow (mMis?) | Evap+Infilt (m° s*)
1998 107000 36600 70400
1999 81600 20440 61600
Difference 23 % 44 % 13 %
El Nifio 76000 25250 50750
La Nifia 71000 21640 49360
Difference 7% 17 % 3%
1951-1970 72000 19300 52700
1980-1999 83500 26000 56500
Difference 16 % 35 % 9 %




Chapter 2: Scientific Questions, Hypotheses, and (dxctives

The La Plata Basin has experienced considerable land cover ahargecent dec-
ades. Tucci and Clarke (1998) discussed the intensification otiaigrad production
and an associated transition from coffee to soybeans and suganctre Upper
Parana basin in Brazil. They report decreases in forestadram 90% to 17% over
the four decades from about 1950 to 1990, with the percentage of land nseidh a
crops increasing from near zero in the early 1960s to almost 602898y Signifi-
cant deforestation has also occurred over the last few decabtethithe Brazilian
and Paraguayan portions of the Paraguay River basin (Baethgker2001). The for-
ested area in eastern Paraguay decreased from 45% &ifty go to 15% at the be-
ginning of the 1990s (Baethgen et al. 2001, citing Bozzano and Weik 188ite-
over, extensive changes in agricultural practices (Paruelo 20@5) may have also
affected the surface atmosphere exchanges of energy and Waése large changes
in land cover can be expected to have major implications for theceufnd perhaps
atmospheric) hydrological cycles, and are a major focus oketearch agenda of the

La Plata Basin (LPB) Regional Hydroclimate Project (Berbeg}.2005).

There are some regional numerical modeling studies regardingo#séble connec-
tion between land cover change and hydroclimate in the LPB over lomgeperiod
than one month. For instance, Beltran-Przekurat et al. (2010) showexthdinges in
near-surface fluxes and temperature depend on the type of landcooversion and
the season. According to their investigation, the general potengat effagriculture
was cooling when the shift was from grasses (photosynthesis ga@yv#éo crops,

while warming when the shift was from grasses (photosyntpa#iisvay G), wooded
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grasslands or trees to crops. They found a general incregsecqgditation for the
entire simulation domain with an afforested scenario, and showedrdes of in-
crease and decrease of precipitation were associated witheshandatent heat,
roughness length, and areas of moisture convergence. On the oitheusiag a hy-
drological model, Saurral et al. (2008) suggested that the posiive tbserved in
the Uruguay River streamflow during the second half of thé gagtury should be
attributed to increased precipitation, rather than to land cover ehadgwever, be-
cause Beltran-Przekurat et al. (2010) used horizontally smalCdsLand Saurral et
al. (2008) did not allow land-atmosphere coupling, the effects of LLsL&Cregional
climate are still not clear and need to be further investigated southern South

America.

2.1 Scientific questions

Following the premise that precipitation increased in thettasy years by up to 30-
40% over La Plata Basin, perhaps the most important sciensitie @ssociated with
the climate and water cycle of La Plata Basin is how vansatin precipitation are
linked to land-cover and land-use changes. Changes in precipitatitve tae result
of local feedbacks (e.g., land cover changes/vegetation changeglated changes
in soil moisture) or a response to remote forcings (e.g., seaceutémperature
anomalies). Therefore, the overarching scientific questions tbeessed by this

research are:

Are there any regional climate responses to land-cover/las@-change

over the La Plata Basin? If so, what are the implied mechanisms?
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Are there any better ways to represent land-cover/land-tyges and their
changes in a regional model?
What is the importance of land-cover/land-use change effexssrelated to

observed trends in La Plata Basin precipitation?

2.2 Hypotheses

The overall goal can be addressed based on three basic hypdtia¢ses presented
as possible explanations of the observed changes in precipitationeandunface

temperature.

First, if land-cover/land-use has changed in such a manner #srtthareflectivity
andemissivityof the surface, then a modification of local surface energgnbaland
thermodynamic stability should be expected. This hypothesis hasearasipect: if
changes in land cover took place that changed local surdaiggness lengththen
changes in regional atmospheric circulation should be expected. floesy| imois-
ture recycling is an important source of precipitable wéten changes in precipita-

tion patterns could also be expected from the two aspects.

Second, it is hypothesized that realistic specificatiolamd surface characteristias
important in the numerical model performance, and inaccuegetation information
can give rise to errors in a model simulation of the near-uffadgables, the atmos-

pheric boundary layer, and eventually the entire atmosphere.

A null hypothesis is that there is no relationship between landesudhange and pre-

11



cipitation over the La Plata Basin.

2.3 Specific objectives

The first objective of this study is to setup an efficimgional-modeling configura-
tion using the WRF modeling system so that it can be used for s#rgaggional

climate studies in South America.

The second objective is to assdbe potential impact of the land-cover changes
within LPB on the springtime precipitation climate using idedlizxtreme land-
cover change scenarios. The study aims at understandipbytkieal mechanisnisy
which local and regional land cover changes give rise to adftesain regional pre-

cipitation.

The third objective is to implemeatnewly developed land cover classification data-
setthat is called “Ecosystem Functional Types (EFTs)” in tHeRRWhodeling system.
The EFTs are patches of the land-surface with similar carbondgaamics and are
based on “functional attributes” of vegetation describing its enangly matter ex-
change with the overlying atmosphere (Paruelo et al. 2001; AlSagura et al.
2009). In this study, the new dataset is incorporated in the WRHingdgstem for
the first time, and is examined for its utility through comparisah the traditionally

used land-cover/land-use dataset.

The fourth objective is to explotbe impact of varying EFTen the regional climate

over the La Plata Basin for a dry year and a wet year.

12



2.4 Outline

Chapter 3 describes the model sensitivities to different physacameterizations and

seeksan optimal combinationf them for realistic precipitation simulation.

Chapter 4 presents the model configuration and evaluation of thd sioagations

for the period of spring 2002. Chapter 4 discusses results of the snmodé&tions in

whichidealizedchanges of regional land cover are assumed by modifying naoael |

cover types.

Chapter 5 introduces a new land cover classification (called,Efap)ements it into

the model and examines its usefulness.

Chapter 6 shows the impact loktorical EFT changes on the climate of the La Plata

Basin.

Chapter 7 summarizes the present study and presents major findings.
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Chapter 3: Model Sensitivity Tests

3.1 Introduction

The Weather Research and Forecast (WRF) modeling systduar{éed Research
WREF) is a non-hydrostatic and primitive-equation model with siktbe-art physics
options to parameterize subgrid-scale processes and multiplegneapabilities to
increase the resolution over an area of interest (Michalakas 2001). This model
has been developed and widely used as a community humerical modelsdretha
applied in diverse related fields. It is suitable for use lioad range of applications
across scales ranging from meters to thousands of kilomatetsven a global ver-
sion of the WRF exists. The WRF model is portable and efficiergvailable paral-
lel computing platforms, and in this chapter the WRF-ARW (version 2wza%)used

for the numerical simulations.

Since October 2003, the National Center for Atmospheric Reséd@AR) has sup-
ported an effort to develop regional climate modeling capabilitpguthe WRF
model (see information online at www.wrfmodel.org/index.php) and the Cortynuni
Climate System Model (CCSM) (information online at www.ccsnr.eda/models).
The goal is to develop a next-generation community Regional @iMatlel (RCM)
that can address both downscaling and upscaling issues in cfimadt#ing. As part
of the NCAR project, the WRF model has been adapted for simulatgignal cli-
mate. Seasonal simulations over the United States have showtiadadtures, in-
cluding the low-level jet and diurnal cycle of rainfall in thatral states (Leung et al.

2005) and orographic precipitation in the West (Done et al. 2005). K R&gjional
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Climate Modeling Working Group has been established to coordinaté re€earch

activities (Leung et al. 2006).

3.2 Methodology

The model precipitation is very sensitive to model physical petenaations. Espe-
cially, land surface processes, PBL and cumulus schemes are kmtenmportant
in simulation of heavy rainfall events. The best combination of ndelical proc-
esses for a certain region is not necessarily the best far rejens. Thus, as the
first task, this section seeks an appropriate suite of pararatiens for model physi-
cal processes suitable for numerical simulations of the spriagtm@cipitation over
South America. Diverse numerical experiments were conducteddaafi optimal
configuration of the model physical processes over the Southiganerable 3.1 pre-
sents the available options for the optimal model-physics confignra Our tests
were done for surface layer schemes, atmospheric boundary ¢tiygenes, cumulus
parameterization schemes, and microphysical schemes. Bonalations, the Noah
land surface model (Chen and Dudhia 2001), the Dudhia shortwave radiaiiimg
1989) and the RRTM longwave schemes (Mlawer et al. 1997) were @elg. for

EXP3, the NOAH LSM model was turned off.
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Table 3.1: Numerical experiments on the model sensitivity to various pélysic
parameterization schemes. LSM: Land surface model; SL: Suldger scheme;
PBL: Atmospheric boundary layer scheme; CP: Cumulus paramaten scheme;
MP: Microphysical scheme.

Experiment LSM SL PBL | CP MP Remarks
name
EXP1 NOAH MO YSU | BMJ | WSM3 NmYB3
EXP2 NOAH MO YSU | KF WSM3 NmMYK3
EXP5 NOAH MO YSU | BMJ | WSM6 NmYB6
EXP6 NOAH MO YSU | GD Ferrier NmYGF
EXP3 Thermal | MOJ MYJ | KF Ferrier TMMKF

diffusion

EXP4 NOAH MOJ MYJ | BMJ | Ferrier NMMBF
EXP7 NOAH MOJ MYJ | GD Ferrier NMMGF
EXP8 NOAH MOJ MYJ | KF Ferrier NMMKF
EXP9 NOAH MOJ MYJ | BMJ | WSM5 NMMB5
EXP10 NOAH MOJ MYJ | BMJ| WSM6 NMMB6

MO: Monin-Obukhov scheme (Dyer and Hicks 1970);

MOJ: Monin-Obukhov-Janjic scheme (Janjic 1996, 3002

YSU: Yonsei University scheme (Hong et al. 2006);

MYJ: Mellor-Yamada-Janjic scheme (Janjic 1990, 1941)2);

BMJ: Betts-Miller-Janjic scheme (Janjic 1994, 2000)

KF: Kain-Fritsch 2 scheme (Kain and Fritsch 199@jrkKand Fritsch 1993);
GD: Grell-Devenyi scheme (Grell and Devenyi 2002);

WSM3: WRF Single Moment 3-class scheme (Hong e2G04);

WSM6: WRF Single Moment 6-class scheme (Hong ama 2006).

For the experiments, the model is run with a single domain on aeotal scale.
Figure 3.1 presents the domains and a representation of the topogidmhyAndes
mountain range is located along the west coast and its avezage is about 4 km.
The Brazilian Highlands along the central east coast and tren&tlighlands near
the northern boundary are seen. Relatively low lands are formed amorngree

high terrain features.
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Figure 3.1: The WRF model domains and the La Plata Basin (red line). IMode
pography is shaded with contour intervals indicated at the bottom amdrital reso-
lution is 36 km.

All simulations are conducted from 0000 UTC 1 September 2002 to 0000 UTC 30
September 2002, with NCEP/NCAR reanalysis data providing initidl oundary
conditions. Grid interval is 36 km with 27 vertical levels from thdage to 10 hPa.
NCEP/NCAR Reanalysis data (Kalnay et al. 1996) are useadhif@al iand 6-hourly
boundary conditions. A 180-s time step is used. The USGS (Unitex &aologi-

cal Survey) terrestrial data sets of 5’ resolution were usée tsimilar to the resolu-

tion of the nested model domain. Surface vegetation propertieseaziped follow-

ing 24 unique USGS land use categories with different surface albadssivity,
roughness length, stomatal resistance values assigned to esgdrycatSoil data are

prescribed using 16-category USGS dataset and the layers-dr@ €m, 10 — 40 cm,
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40 — 100 cm, and 100 — 200 cm from the top down.

To evaluate the model’'s performance, independent measurements @itgeni
were obtained in the form of satellites estimates. TRMkbgiEal Rainfall Meas-
urement Mission) rainfall data, which have better spatial resaluhan GPCP
(Global Precipitation Climatology Project) and CMAP (CPC Meré\nalysis of Pre-
cipitation) data were employed. The higher resolution is marypeprto verify the
simulation results of the relatively high resolution model. TRMM rainfall data
has a higher spatio-temporal resolution of 0.25° x 0.25° than othensastimates
of precipitation like Xie and Arkin (1997) data and GPROF4.0 datassgr{Nét al.

1994), and in this study three-hourly TRMM products were used.

3.3 An optimal combination of model physical parameterizations

Figure 3.2 shows the monthly averaged precipitation field from TRA&k& during
September 2002. It exhibits distinct heavy rainfall regions duhegperiod. Re-
gions of interest are identified and denoted by ‘R’ followed Ioyimber. The LPB is
the research interest area and is denoted by the red contbarfigure. R1, 2 and 3
show very strong convective precipitation regions in ITCZ and th&t severe rain-
fall in the model domain. R4 shows rainfall in northwestern Southrismecluding
Colombia. R5 shows comparatively weak but widespread rainfall beeAinazon
Basin in the central Brazil. R7, rainfall in the LPB, is miotense than in R4. R6, 8
and 9 show precipitation over sea and R9 is most intense among tteers.associ-
ated with the well-known South Atlantic Convergence Zone (SACZgravbloud or

precipitation is generated and elongated along a northwest-southeastisvesite.
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Figure 3.2: Monthly averaged TRMM precipitation (in mm d8yfield for September
2002. The rectangle boxes indicate major rainfall areas and tleirlocation and
intensity features. The red line shows La Plata Basin (LPB).

Figure 3.3 presents the horizontal distribution and intensity of tbethty-mean
model precipitation simulated by each experiment shown in TablelBshould be
noted that R2 is outside the model domain (see e.g., Fig. 3.3c) and nalaggpear
in all the simulated precipitation fields. Since the LPB isrogjor interest area, the
simulation of rainfall in this area (R7) is especially impottaAll experiments cap-
tured the precipitation signal in the R7, but the rainfall intensitweaker than the

observed. EXP3 among them showed the best performance for rainfalhiam
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LPB, but it has no vegetation processes and no snow scheme. It also uses fixed values
for a deep-layer average temperature, snow cover and soil mpishicé is a land-
use- and season-dependent constant. Thus, this simple 5-layer seherhappro-
priate in this study which requires explicit vegetation effacttte numerical model.

EXP3 and 8 underestimated the rainfall amount in the region.

From Fig. 3.3, on the whole, EXP4, 9 and 10 are thought to be good candidates
among all the ten simulations. The three experiments have theRBY¥Jand the
BMJ cumulus scheme in common. The MYJ scheme predicts turbulent lanetgy,
which is used to obtain eddy diffusivities in the convective boundary, laygle the
YSU scheme uses prescribed eddy diffusivity profiles and courddregt terms in
the situation of convective boundary mixing. The WSM6 scheme wasded from
the WSM5 scheme and considers an additional variable (graupel) apitaise proc-
esses. The WSM6 scheme predicts 6 microphysical variablake the Ferrier
scheme essentially predicts two variables, i.e., water vapor ahc¢tdodensate. The
KF scheme produced lower precipitation than the BMJ, and this iméghécause the
BMJ scheme has been skillfully optimized through tuning work oversysaan op-
erational weather forecasting center. More information caouralfin Skamarock et

al. (2008).
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Figure 3.3: Model-simulated total precipitation (in mm d3yusing each experiment
shown in Table 3.1.
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Figure 3.3: (Continued.)
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In spite of overall better simulations than the others, EXP4 liew aelative short-
comings. The first thing is overestimated precipitation in thehn@stern SA. Espe-
cially, it is noted that there is excessive and bull's-elge-tainfall in mountainous
areas in Peru. Excessive rain over the Andes Mountain rangehgsteosning that
EXP1, 4 and 5 have in common. The second is little precipitation in tke afahe
LPB, i.e., over central and eastern Brazil. EXP9 and EXP10 antetiothe two
problems of EXP4 mentioned above. EXP9 and EXP10 reduced the ovemstimat
precipitation in the western SA as well as the bull's-eke-fainfall in mountainous
areas in Peru. They produced more precipitation in the north of the Wwh&e
EXP4 underestimated the precipitation area. The simulated IT@¥y h&infall
bands are also better than EXP4. EXP10 (and EXP9) increased tptexmipin R1
region and over sea in front of Suriname. When it comes to R7, EX®4Httle bit
better than EXP9 and 10. The precipitation area over the eastern ocean aaljdigent t

LPB became wider when EXP10 is used.

Figure 3.4 shows the Hovmoller diagram for precipitation total ios¢ three ex-
periments. All of them show similar patterns in the diagram theitevaluation of
precipitation west and east of 70°W shows different charaatsrisThe west shows
light rainfall by non-convective larger-scale processes, whideeast shows heavy
rainfall by convective smaller-scale processes (not shown)o, Alany features in
both sides show an eastward propagation of precipitation with tinoetheleast of
70°W, the eastward displacement of the precipitation featuredai®d to the east-
ward movement of mid-latitude synoptic storms which include Mesasbahvective
Complexes (MCCs). The light rain on the west side of 70°W séeins induced by

mid-latitude synoptic waves. Some features at 70°W show corslielgrarsistence
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with time. The persistent precipitation features at 70°Wespond to a forced lifting
on the windward slope of the Andes Mountain ridges, and are overestimatx-

periments EXP4, 9 and 10.

Figure 3.4: The Hovmoller diagram for September-2002 precipitation total (in mm
day') averaged over 35°S to 25°S in EXP4, 9, and 10.
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Figure 3.5 shows time series comparisons of the daily-pratgeitfor major precipi-

tation events during September 2002. The precipitation was average@n area,
57°W-51°W in longitude and 31.5°S-27°S in latitude. Figure 3.5a shows two peaks in
observed precipitation. EXP3, 7 and 8 missed the first peak, but EXP9 amas10
close to observed maximum at 1200 UTC 06 September. EXP10 captured very
closely the second peak of the observed precipitation. Figure 3.5b skheveéks

in precipitation amount. All experiments did not capture or highly wstienated the

first two peaks. EXP4, 5, 9 and 10 have good correspondence with the third peak, and
EXP4 showed the best performance in this event. Figure 3.5c shearges of pre-
cipitation events with four peaks of precipitation amount larger thgs. B.5a,b.
Model precipitation from all experiments was underestimatedpraoed with the ob-
served precipitation especially between 19 and 20 September. EX&nd, 10 cap-

tured reasonably the pattern of the four peaks, and EXP10 showed ttipertiesn-

ance in this event.

Lastly, Fig. 3.6 shows the time series of accumulated preoipitaveraged over the
area (57°W-51°W, 31.5°S-27°S) where maximum precipitation occurred within
LPB. The accumulated precipitation continues to increase throughpéh8eer, and
then has a flat portion (no rain) for about ten days. It stanteasmg again near the
end of the month. Compared to the TRMM observations, less accumulatgaltpr
tion was produced in all the experiments. Among them, EXP4, 9 and 1Gdiave
tively good agreements with observations and have similar behaviths fat por-
tion of the observed graph. Especially, EXP10 has the biggest aatadptecipita-
tion, and also captures well the feature of increase in prempita¢ar the end of the

month.
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Figure 3.5: Time-series of precipitation total (in mm ddyaveraged over an area,
57°W-51°W in longitude and 31.5°S-27°S in latitude. Gray lines with opeles
denote TRMM observation. ‘Max ~ 200’ means precipitation with éagimum being
200 mm day.
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Figure 3.6: Accumulated precipitation averaged over the area (57°W-51°W, 31.5°S-
27°S) where maximum precipitation occurred within the LPB.
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Considering all the features discussed above, we can conclude thaighappropri-

ate model physics configuration is EXP10, which is composed of tioki® short-
wave scheme (Dudhia 1989), the WRF Single Moment 6-class migiophiyHong

and Lim 2006), the Betts-Miller-Janjic cumulus scheme (Janjic 1994, 2a0@0))el-
lor-Yamada-Janjic boundary layer scheme (Janjic 1990, 1996, 2002), the-Monin
Obukhov-Janijic surface layer scheme (Janjic 1996, 2002), and the Noalrifzce s
model (Chen and Dudhia 2001). This configuration is a reasonable chdiestto
simulate the springtime precipitation in this region. Thus, from anwthe model
physical configuration of EXP10 will be used for all the numemgatiel simulations

in the present study. Table 3.2 summarizes the model dynamical configuratieth as w
as physical configuration. Additional information on the model sensitivity is prdvide

in Appendix A from the viewpoint of a mixed physics ensemble.

Table 3.2: The specification of the WRF modeling system with a suite giphl

parameterization schemes recommended in this chapter.

Grids Single domain (36 km for 692x470 gird points)

Numerics Primitive equations based on the non- hydrostatic frame

Vertical resolution 27 vertical levels with model top of 10 hPa

Lateral boundary Time and inflow/outflow dependent relaxation

condition

Later boundary update 6-hour interval by NNRPs

Time integration One month (180s interval)

Horizontal diffusion Fourth order diffusion

Precipitation physics WSM6 microphysics (Hong and Lim 2006)

Deep convection BMJ cumulus scheme (Janjic 1994, 2000)

PBL and surface layer MYJ PBL scheme (Janjic 1990, 1996, 2002) and
MOJ surface layer scheme (Janjic 1996, 2002)

Land surface physics NOAH LSM (Chen and Dudhia 2001)

Short wave radiation Dudhia shortwave scheme (Dudhia 1989)

Long wave radiation RRTM (Mlawer et al. 1997)
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3.4 Summary

In this chapter, model sensitivity tests were carried outni the optimal physics
configuration for the best precipitation simulation performance. réhemmended
physics combination is composed of Dudhia shortwave scheme, WSM6 microphysics,
BMJ cumulus scheme, MYJ PBL scheme, MOJ surface layer s;hamil NOAH

LSM.

Simulations of the 2002 austral spring season in South America asimgsoscale
regional WRF model of 36 km single domain mode with the recommendettphys
suit was successful. Monthly averaged precipitation distribwrah intensity were

satisfactory when compared to high-resolution satellite rainfall d&& ).

In the dissertation, study time period is a normal spring se&apigmber — Novem-
ber 2002) and thus the model sensitivity tests were conducted forntieepsaiod.
Although EXP10 is not necessarily the best choice for other seasgears, but still
it could be a good candidate (or starting point) to try in case of otbdel domains

and seasons too.
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Chapter 4: Influence of Land-Cover and Land-Use Chages

on the Climate of the La Plata Basin

4.1 Introduction

The research presented in this chapter is based on the analymsiafsimulations
performed with the Weather Research and Forecast (WRF) modsgktgm (Ad-
vanced Research WRF, version 2.2.1). Sensitivity experiments weiedcaut to
determine how vegetation types over La Plata Basin may ndduéhe surface and
near-surface conditions, the boundary layer and the processes thait ttentegional
climate during austral spring. To this end, multiple three-momtlulations from 1
September 2002 to 30 November 2002 were performed. The initial bowataty
tions and the 6-hour lateral boundary conditions were taken from tlEPNTAR
Reanalysis data (Kalnay et al. 1996). The model was run on a continentaliicae
two-way interaction nested grid over the La Plata Basin. Mualigsical parameteri-

zations follow the recommended suit in Chapter 3 (Table 4.1).

Figure 4.1 presents the two domains, which have a grid spacBfyloh and 12 km
respectively, and 27 vertical levels from the surface up to 10 hizm pfesented in
the figure is the model topography, with the Andes Mountains alumgvest coast
with an average height of about 4 km. The Brazilian Highlands (@vitieight of
about 1000-1500 m) along the central east coast of Brazil areedds@nt for the
climate of the La Plata Basin, and finally the Guiana Highlgmdth heights also

around 1500 m) are shown near the northern part of the continent. Reliwe
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lands are present among the three high terrain features, amdlpastiover large ex-

panses of the La Plata Basin.

Table 4.1: The specification of the WRF modeling system used in Chapter 4.

Grids Double nested domain

(36km for 770x495 and 12km for 756x615 gird points)
Numerics Primitive equations based on the non- hydrostatic frame
Vertical resolution 27 vertical levels with model top of 10 hPa

Later boundary condition Time and inflow/outflow dependent relaxation

Lateral boundary updatg 36 km : 6-hour interval by NNRPs
12 km : 6-hour interval by 36 km forecasts

Time integration 3 months for both 36 km and 12 km meshes
(180s intervals in the coarse grid)

Horizontal diffusion Fourth order diffusion

Precipitation physics WSM6 microphysics (Hong and Lim 2006)

Deep convection BMJ cumulus scheme (Janjic 1994, 2000)

PBL and surface layer MYJ PBL scheme (Janjic 1990, 1996, 2002) and
MOJ surface layer scheme (Janjic 1996, 2002)

Land surface physics NOAH LSM (Chen and Dudhia 2001)
Short wave radiation Dudhia shortwave scheme (Dudhia 1989)
Long wave radiation RRTM (Mlawer et al. 1997)

Figure 4.1: The WRF model domain and the topography used in the study. Mother
and nested domains have a horizontal resolution of 36 km and 12 km tikedpec
The contour of the La Plata Basin is also shown. The contour intéovatgpography

are indicated at the bottom in km unit.
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It is a well known fact that in order to attain reliable ressuhultiple simulations are
needed to produce a stable result. Therefore several simultiogesch type of ex-
periment were carried out following a lagged averaged techiiegge Hoffman and
Kalnay 1983), in which each ensemble member simulation stafegggéd initial

times (1 day apart). In this chapter, three four-member enssermab¢ prepared for
one control run and two experimental runs. In order to evaluate tleeeditkes be-
tween two ensemble means, a test of significance was appliddo-#ailed t-test sta-
tistic for the difference between ensembles was employedgiufisance at the 90%
level (see Appendix B). It is assumed that the ensemble meareersdependent on
each other and not paired. The null hypothesis is that therestatmiically signifi-

cant difference between two ensembles.

4.2 Model evaluation

The model's performance was evaluated in terms of precipitaidr2aneter tem-
perature. For the first one, a dataset of gridded observed pagoipiproduced by
the Climate Prediction Center (Shi et al. 2000) was used. This proonsists of
daily rain gauge observations interpolated to a 1° x 1° latitude-longitude gridnzpve
South America. The analysis was complemented with the TroRmialffall Meas-
urement Mission (TRMM) rainfall satellite data defined ové.26° x 0.25° regular
grid (Huffman et al. 2007). Differences between the two datatetuld be expected
and give a sense of the existing uncertainties in measuricgipggon over South
America. However, the analysis of both datasets is desgrasbréain areas do not
have enough rain gauge density to give reliable values when integpatatn grid,

while satellite products depend on calibrations with rain gauges to engood gual-
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ity product.

Figure 4.2 presents the September-November 2002 three-month averdgsh 8-
timates of observed precipitation and the ensemble control prdoipitathe two ob-
servational datasets (Figs. 4.2a,b) have a close resemblance na/eritta maxima
over the northwestern part of the continent, including Colombia and rwesteazo-
nia, over La Plata Basin and over southern Chile. Differencesagnitade are no-
ticed over Colombia where precipitation estimated from the ragegis weaker than
that from TRMM. One possible reason is that the raingaugaglett in the dataset
may be sparse. Over LPB, TRMM precipitation has somewhaéehigalues and

slightly more structure than the raingauge-based product due to its higpletion.

Comparison of the control ensemble (Fig. 4.2c) with both observatiomabésst in-
dicates a remarkable resemblance in the pattern, with simretdgons of maximum
precipitation. The springtime precipitation fields from th&k®simulations show
that the model was able to capture the observed pattern and magviitudeason-
able success. This is particularly so for the Intertropical Ggewee Zone (ITCZ)
over land and ocean (Figs. 4.2b,c) and southern Chile. The precipitationamearter
La Plata Basin is reproduced as well, although with smallgnmale in the simula-
tions. The model has more difficulty to capture the South Atl&dirvergence Zone
(SACZ) as it tends to put the precipitation further south and merged with another band
at approximately 30-45° S. Although partial over- or underredton of precipita-
tion magnitude is found, this is common to many other models as @ poriee lit-
erature (e.g., Berbery and Collini 2000; Misra et al. 2002; RojdsSath 2003; Seth

and Rojas 2003).
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Figure 4.2: Three-month (SON 2002) averaged precipitation (mmi‘Hdgom (a)
gridded raingauge observations, (b) TRMM, and (c) the WRF mol@&IL&xperi-
ment.

Given the emphasis of this research on surface processes, tlseadswanterest in
assessing the performance of the model’s 2-m temperaturethfon the dataset of

the Climate Research Unit (CRU) of the University of Easglia was employed
(Brohan et al. 2006 Stations measuring temperature are even sparser than those
measuring precipitation, and this dataset may have unreliahlesvalver large un-
gauged regions (like Amazonia) and mountainous areas, thus, the ievasatuld

not be more than qualitative. Figure 4.3 shows the three-month (SQI\ &@ffaged
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2-m temperature for CRU temperature, the model ensemble, andiffeggnce. The
overall patterns of observed and model temperatures are simtlathe model ex-
ceeding the observations by 1-4 °C over the central part of thexeonhtind slightly
colder than observations near the coastlines. Most importantlgiffeeences are
notably small within La Plata Basin, our research area. patas distribution and
gradients having a northeast-southwest direction are alsasitoithe observed in

LPB.

Figure 4.3: Three-month (SON 2002) averaged 2-m temperature (°C) fronura) s
face observations (CRU), (b) the CNTL experiment, and (c) th#areince. The
contour interval is 1 °C and the zero contour is suppressed in (c).
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4.3 Design of experiments for land-cover/land-use change impact

Land cover types are prescribed following 24 unique United Stae®@cal Survey
(USGS) categories each with different physical propelitiessurface albedo, rough-
ness length, emissivity and stomatal resistance, among offeesUSGS land cover
distribution (presented in Fig. 4.4) is dominated by evergreen broddlests over

the Amazon basin, barren types over mountainous regions and shrublandstaver Pa
gonia. In the center region, and covering much of La Plata Basne, itha mix of
forests, croplands, and grasslands, and this region (“The Pampasipig the most

fertile regions in the Americas.

Three sets of simulations for the period from September to Novezb@rwere per-
formed. The first set consists of the ensemble discussed pnetfieus section, and it
will be identified in the text as CNTL. The control runs emypld the actual USGS
vegetation types that represent a current land cover patigrrd (#) with cropland as
well as natural vegetation (savanna, evergreen broadleaf fokgrasslands in the

upper, middle, and lower parts of LPB, respectively).

Two other sets of idealized simulations were prepared in ordesess the impact of
land cover change on the regional climate of LPB: one that assamextreme in-
crease in croplands (this set will be called CROP), whileother assumes an arbi-
trary natural vegetation map without croplands (this set willdded NATR). The
purpose of defining these two scenarios is to ateessinges of variabilityhat could
be expected due to land cover changes. For the CROP experiterntset natural

vegetation types within La Plata Basin (savanna, evergreen brofaiéest and grass-
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lands) were replaced by dry croplands (rain fed agriculture).NATR experiments,
current croplands were replaced by natural vegetation, as iflthdraot been an an-
thropogenic land cover effect. In both cases, all changes werneteeswithin the
basin, and are linked with changes in surface albedo, roughness kemghivity,
stomatal resistance, and rooting depth. In the Noah land sunfadel of the WRF
system version 2.2.1, leaf area indices are fixed as 4.0 fopaB tf vegetation. Ta-
ble 4.2 describes the specific values of major surface physcameters used in the
experiments. It is well known that land cover changes have béemsese over the
Amazon basin and other nearby areas that may also affeclittagecof LPB, but

these other factors are not part of our current study.

Figure 4.5 presents the LPB regions affected by the modifiedclawet types along
with the corresponding changes in some of the physical propertreshe places
where the changes have been from savanna to cropland (Region ik thetecrease
of the surface roughness (Fig. 4.5¢c and Table 4.2) and practicallyangecin the al-
bedo (Fig. 4.5b and Table 4.2). The larger changes occur over the regrenewee
green broadleaf forest is replaced by cropland (Region II); ireegldition to the re-
duced surface roughness there is also a noticeable increabedn.alThe area with
changes from grassland to cropland (Region Ill) reveals a atesdtealbedo and a
small reduction in surface roughness. Region | and Il do not hayelanges in
surface emissivity, while over Region Il the surface emigsigidecreased from 95%
to 92% (Fig. 4.5d and Table 4.2). In all three areas the low lawdl i&/ expected to

be increased due to the reduction in surface roughness.
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(b)

() (d)

Figure 4.4: Land use/land cover maps used for the control experiments (CNiTL) fo
(a) the mother domain of 36-km grid spacing, and (b) for theedektmain with a
grid spacing of 12-km. The land cover types are defined on the r{g) and (d) are

for CROP.
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Table 4.2:Values of major surface physical parameters used in the numerical model.

Surface Surface Stomatal Surface
Type of land cover albedo roughness | resistance | emissivity
[%0] [cm] [s m*] [%0]
Savanna 20 15 70 92
Evergreen broadleaf 12 50 150 95
forest
Grassland 23 10 40 92
Dry cropland 20 5 40 92
and pasture

st/ ——> Dry Cropland
gssland ——> Dry Cropland

Régi :
egion—Il :
egion—IIl :

Figure 4.5: (a) The changes in land cover/land use when replacing Savynrard

forest (Il evergreen broadleaf forest), and grasslandstdlidlry cropland over LPB.
Changes in (b) albedo (%), (c) roughness length (cm), and (d)iatyi$%o) over

Region I, II, and 1.
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4.4 Analysis of the CROP experiment

In order to examine the changes to the mechanisms that feay the regional cli-
mate, in this section we will look at the surface fluxes, the adiweeinstability, the

low level winds, and the moisture transports into the region.

4.4.1 The diurnal cycle of the surface energy balance

The local effects are first investigated by examining thneiated mean diurnal cycle
of the surface energy budget for the three regions whereahatgetation was re-
placed by crops. According to Fig. 4.6a, over the region covered byrsaydegion
) the surface energy budget is dominated by the sensibldliredhat compensates
about two thirds of the net radiation, with latent heat flux and groundflugaac-
counting for the remainder. The figure also suggests that the groantiuxes rela-
tively large compared with the other regions, and even of a maguiseto that of
the latent heat. Changes from savanna to cropland have a veryirspat in the
local surface energy balance, with a slight increase in serfsdait flux and a slight
decrease of latent heat flux, the two in the range B® W ni? during daytime (Fig.

4.6b). Changes in net radiation due to the land cover change are almost negligible.

The LPB region covered by evergreen broadleaf forest (Regishdiys a very dif-
ferent energy balance (Fig. 4.6c). While the maximum nettraniss similar to that
over savanna, now the balance is achieved with a significant commnilmitthe latent
heat flux and a smaller contribution of the ground heat flux. Wheratitedover is
changed to cropland, the effect on the energy balance beconwsabt#i(Fig. 4.6d),

with a reduction of the net radiation and of the sensible hea(dbout -50 to -60 W
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m? during daytime). On the other hand, the latent heat flux beca@mges | meaning

an increase of evapotranspiration due to a decreased stogsisthnce (Table 4.2

and Chen and Dudhia 2001) and enhanced near-surface winds (Ek et al. 2003, Ray
mond et al. 2004, Back and Bretherton 2005). Chen and Dudhia (2001) showed that
the canopy evapotranspiration is enhanced when stomatal resistdeceessed, and
Raymond et al. (2004) suggested the so-called atmospheric windesmgeatation
feedback where in a region and period of increased mean surface prigpitation

is enhanced because of increased surface latent heat flukesaddition, the
evapotranspiration depends on temperature, and the reduction of sendilblexkesa
indicates a reduction of temperature (Chen and Dudhia 2001, Ek e03). Zlhere-

fore, the increase of latent heat fluxes is possible from demte@mperature, and

more possibly through a combined effect of all these relationships.

The region covered with grassland (Region IIl) has smaller atdation than the
other two regions during daytime (Fig. 4.6e). The ratio latesetsible heat flux
also becomes larger, more than doubling the magnitude of the firatithneespect to
the second one. In other words, the relative contribution of the latanflive be-

comes more relevant than in the other regions at the expensesehgikle heat flux.
The ground heat flux remains relatively small and is not a nfapbor in the energy
balance. The changes to cropland result in an increase of tmadregton that is
equally balanced by the sensible and latent heat fluxes4FBf. In this case the

changes in ground heat flux are nearly zero.

Region Il exhibits an increase in net radiation at night (Fig. 4a6d)this is related
with a surface emissivity decrease over that region. &tkation is not necessarily

proportional to albedo change because it is dependent not only on incoming and out-
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going shortwave radiation, but also on downward and upward long wavéaadia
which relies on surface emissivity. Table 4.2 shows thatgexen broadleaf forest
has surface emissivity of 95%, while the other three types otateme have surface
emissivity of 92%. Thus, the Region Il changing from evergt@eadleaf forest to
dry cropland has an increased net radiation due to the decreafsask ®missivity
(Fig. 4.6d). This explains why a decrease of 3% in albedo inoRdHiproduces a
similar magnitude of change in net radiation as does 8% albedasedre Region II.
Without the surface emissivity change effect, the maximum tesfuof net radiation

in Region 1l would be about -50 W at 15 UTC as seen in Fig. 4.6d.

In summary, over savanna the net radiation is largely balancéuelgensible heat
flux because the region has smaller moisture availability ghotvn). On the other
hand, in the two other regions (forest and grassland) latent hibat pgimary factor
to balance the net radiation. The largest change in the seri@cgy balance occurs
in the region transformed from evergreen broadleaf forest to dplacrd, and the
smallest change in the surface energy balances occur ovemgibe changed from

savanna to cropland.

Regions Il and Il exhibit opposite changes in the net radiation andlbees (Figs.

4.6d,f). Region Il shows a decrease in the net radiation and sdmesablbuxes due
to the increased surface albedo (Fig. 4.5b) and decreased absorptia@mnohgsolar

radiation by the surface. Note that the amount of reduction isetiigble heat flux is
more than two times larger than the increase in the latenflineatRegion Il has an
increase in the net radiation and the sensible heat fluxes bexdfahsereduced sur-
face albedo (Fig. 4.5b) and increased absorption of shortwave radiatioa fiyrface.

However, both regions experience increased latent heat fluxes.
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Figure 4.6: (a)-(c) Three-month (SON 2002) mean diurnal cycle of surfacedlax-
eraged at three selected places representing the 3 regiotiBaden Fig. 4.5. Solid
and dotted lines denote CNTL and CROP, respectively. (d)-(f) shewlitferences
CROP-CNTL for the same points. Black: Net radiation; Redbdlent sensible heat
flux; Green: Turbulent latent heat flux; Blue: Conductive ground heat flux.
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4.4.2 Surface heat fluxes and near-surface atmospheric variables

So far the local effects have been described, but the chéangto be widespread, as
presented in Fig. 4.7 that shows the three-month averaged field of sergiblatent
heat fluxes for the control run, CNTL, and the difference CRORUISNCNTL. To
facilitate the analysis, two rectangle boxes are drawn irpémels. The upper box
bounded by (66° W-46° W, 28° S-17° S) represétite northern LPB” and the
lower one bounded by (65° W-51° W, 37° S-28° S) represémtssouthern LPB”
The latitude 28° S is appropriately located so that the northern aRf&ios most of
the changes from savanna and broadleaf forest to croplands (Regiuhdl), while
the southern LPB encompasses most of the changes from gragsiacrdplands

(Region 111).

Figure 4.7 indicates that sensible heat flux is large in mountaimeas, avhereas la-
tent heat flux is large over the sea and the wetter lovurddticentral part of LPB. It
can also be seen that in general there is a reversenpagtereen sensible and latent
heat fluxes (when one is large, the other is small). Thereliftes between the con-
trol and modified land cover simulations show a pattern where théblehsiat flux
decreases (in general) over the northern LPB with largest changestemeParaguay,
and increases over the southern part of the basin (Fig. 4.7b). @hiehaat flux (Fig.
4.7d), on the other hand, experiences the largest increase over Basaguay and a
slight decrease elsewhere on the northern LPB. The overall sSecoddatent heat
fluxes could be a response to the decreased stomatal resisemdalfle 4.2) and the

increased wind speed.
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Figure 4.7: Three-month (SON 2002) averaged (a) sensible heat flux ty\armd (c)
latent heat flux (W M) from the model simulations and their corresponding differ-
ences (b, d) when modifying the surface conditions (CROP-CNTL). cdh®ur in-
terval is 4 W rif and the zero contour is suppressed.

The horizontal distributions of sensible and latent heat fluxes in mordimel southern
LPB play a crucial role in determining near-surface temperatnd humidity. Figure
4.8 shows that the decreased (increased) sensible heat fluxesnorttiezn (south-
ern) LPB give rise to relatively strong cooling (weak wangiinear the surface (Fig.
4.8b). The magnitude of the maximum cooling is about 1.1 °C in the northem basi
while the amount of the maximum warming is below 0.5 °C in the southasin.
These results are consistent with Beltran-Przekurat et al. (2@4i6h showed that
the conversion from wooded grassland or forest to agriculture producetemam-

perature, while afforestation and conversion of grass to agricuédréo a cooler
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near-surface atmosphere. Fall et al. (2009) showed from thervalisn-minus-
reanalysis (OMR) data that the shift to agriculture ffoar types of land covers (i.e.,
urban, barren lands, forests and glasslands/shrublands) gives aseotding pre-
sumably because of irrigation and high evaporation. Figure 4.8 shatvRefion Il
is in agreement with their findings, while Region 1l is not. Téasons for the latter
can be due to the difference in agricultural systems betweeh Norerica and South
America. The current agricultural systems over LPB are doadray dry croplands
(Fig. 4.4b), not irrigated croplands. Accordingly, the extreme al¢pmi@l activity ex-
periments assumed an expansion of dry croplands (Fig. 4.4d), not irrgaied
lands. Region Il (forest dry cropland) experiences very large changes in surface
parameters (e.g., large increase in albedo) and shows cleargcsigimals in Fig.
4.7b. Region | (savanna dry cropland) and Il (grassland dry cropland) do not
show such a cooling signal. This seems to be related with théh&atry croplands
generally have smaller water (less evaporation) and snadiiedo (more insolation)
than irrigated croplands, leading to slight warming in Region | an¢Fig. 4.7b).
However, we should note that Fall et al. (2009) and the present studiffarent in
the land cover classification. For example, Fall et al. (2069)pgd grasslands and

shrublands, but the two are separated in this study.

Although the perturbation amplitudes of near-surface temperaturehoazentally
heterogeneous distributions, their spatially-averaged valuesoarparatively small
over both the northern and southern parts of the basin (Fig. 4.8b). Thaged reith
contrasting processes controlling ground temperature change, amdaggeement
with analytical theories (e.g., Zeng and Neelin 1999) and GCGMilations (e.g.,
Hahmann and Dickinson 1997). In case of the northern part (Region iéxdarple,

the ground temperature is cooled initially as incoming solartradidecreases by an
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increased surface albedo. However, negative feedbacks from deduapgoration
and increased incoming solar radiation due to reduced cloud cover tendetotlo
cooling tendency, resulting in a small ground (and near-surfacgetature change

(Zeng and Neelin 1999).

On the other hand, the increase in latent heat fluxes in both the noaheérthe
southern LPB produces the increase in humidity (the 2-m water vagmgmatio)
near the surface with a maximum again over eastern Paraguagll as along the
northern boundary of the LPB, and the magnitude of change is over 04 (§ikg
4.8d). The comparatively strong cooling in the northern LPB is stgtally signifi-
cant signal at the 90% level of confidence. The relativelykwearming in southern
LPB is partly statistically significant at the same lev&@he somewhat large changes
water vapor mixing ratio along the northeastern boundary (partheoBtazilian
Highlands) of the basin are associated with local changeseint laeat fluxes (Fig.
4.7d), but cannot be fully explained. The latent heat fluxes and #resadace hu-
midity in LPB seem to be influenced by non-local effects asclarge-scale moisture

fluxes (shown later in Fig. 4.12d).
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Figure 4.8: Same as Fig. 4.7 but for (a) 2-m temperature (°C) and (c)\&ter va-
por mixing ratio (g kgf) on the right panels. The plotted contours are [-1.2, -0.9, -0.6
-0.3,-0.1, 0.1, 0.3] in (b). The contour interval 0.1 ¢ kgd the zero contour is sup-

pressed in (d).
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Figure 4.9: Same as Fig. 4.7 but for 10-m horizontal wind vectors (left panels) and
their magnitude (right panels; shaded: B sRegions of high-altitude above 1250 m
on all panels and regions of weak wind below 0.1’nors lower panels were masked
out. The plotted contours are [-0.3, -0.1, 0.1, 0.3, 0.5, 0.7] in (d).

Changes in the surface properties, particularly the surbaggness, are expected to
force changes in the low level winds, and this can be noticed in&8isd. The dif-
ference CROP-CNTL wind field indicates that a strengttenad the north-
erly/northeasterly winds near the exit zone of the LLJ, andptniscular effect will
be discussed later. The magnitude of the wind speed changesrepdoel.5 m&in
the east-central region of the LPB including the southern Pard&ugy4.9d). This
strengthening of near-surface winds contributes to the increassent heat fluxes
over the LPB in Fig. 4.6d because higher wind speeds and/or reducedatiemgpta-

vor more evaporation (e.g., Chen and Dudhia 2001, Ek et al. 2003, Raymond 2004).
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Wind field changes are also observed over the ocean east of theslriesting a
role for advective processes in the analysis of land cover tsipate role of advec-
tion will be discussed later. The 10-m wind increase over tlee ttegions where
land cover was modified is also statistically significant (tb# hypothesis, that there

is difference between CNTL and CROP, is rejected at the 10% levehdfcagce).

4.4.3 Local thermodynamic forcing

The changes in the surface fluxes and surface energy baemexpected to influ-
ence the structure of the lower atmosphere through atmosphericeniriaadies.
Figure 4.10 shows the simulated 3-month average of the Planetary Bpluagar
(PBL) heights. The PBL in the CNTL simulations is deeper inntbieghern part of
LPB and shallower towards the south (Fig. 4.10a). The CROP-CNidratite field
(Fig. 4.10b) suggests that the northern LPB would have a large siecrethe PBL
height, while the southern LPB would experience a slightly ise@@BL height.
Such changes in boundary layer depth are closely related witlgesham sensible
heat fluxes. In Region Il, the decrease of sensible heatfluam the ground to the
atmosphere would produce less vertical mixing in the PBL. Whidd cause the po-
tential temperature in the PBL to be less constant with hébtving a dry adia-
batic lapse rate, and decrease the thickness of the PBL. RH#gexhibits the re-
verse behavior. Stronger sensible heating in the southern LPB tgsna@e intense
turbulent eddies and produces a deeper boundary layer. The largessdenrPBL
depth in Region Il is due to the fact that the magnitude of rigshust sensible heat
fluxes in Region Il is three times larger than that ofease of sensible heat fluxes in

Region Il
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Figure 4.10: Same as Fig. 4.7 but for planetary boundary layer height (in m). The
contour interval is 30 m and the zero contour is suppressed in (b).

The local processes that contribute to the development of precipitaiiobe ana-
lyzed using the convective available potential energy (CAdei)convective inhibi-
tion (CIN). The CAPE (CIN) is the amount of positive (negativeyyant energy in
the vertical sounding of temperature, and by convention, both have pogjtigeirs
this chapter. The CAPE (CIN) can be regarded as the thermamily forcing facili-
tating (inhibiting) local convection and precipitation (Bluestein 1993)oBaet al.

1998). CAPE and CIN can be computed by assuming that air pamar¢lassending
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from different levels. Here, we choose the level that produceadkienum values of
CAPE and CIN at each horizontal point. Figures 4.11a,c show thahara there is
relatively large CAPE and CIN in the southern and western patteed_PB. This
region is well known for the development of Mesoscale Convectivei@gstMCSs)
as discussed by Zipser et al. (2006). Also, Berbery and Collini (20€€)ssed the
role of MFC versus CAPE in the diurnal cycle of precipitatiorhm tPB, and found
that thermodynamic processes are not the primary forcinthéoregions’ precipita-

tion, as maxima are mostly due to large-scale dynamical processes.

Figure 4.11: Same as Fig. 4.7 but for maximum CAPE ($kand maximum CIN (J
kg?'). The contour intervals are (b) 10 J'%kand (d) 2 J kg and zero contours are
suppressed.
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The CROP-CNTL differences suggest that the land cover claantfee whole acts to
decrease CAPE in the northern and the southern sectors ofwti#IB, it increases
CAPE between 30° S and 24° S and above the northern boundary of LPB (Fig. 4.11b).
Figure 4.11d indicates that the land cover change incredlleis ¢he central and the
northwestern parts of LPB, and along the east coast, with desreashe north-
central and the southern parts of the LPB. From the differeatvecen CAPE and

CIN fields, we can determine local convection and precipitatiooweder, the CAPE

and CIN fields in Fig. 4.11 still represent local changes in ttsheric column,

and do not fully account for the impacts of the land cover changeill henshown

next that the change in land cover can affect not only the lbowdte, but the larger

scales climate.

4.4.4 Large-scale horizontal moisture flows

The changes in near-surface conditions, particularly the water wapmyg ratio and
the low-level winds, are expected to affect the moisture flaxestheir convergence.
Figure 4.12a presents the prevailing features of the CNTlo#mmean vertically
integrated moisture flux, which is heavily influenced by the loeeel layers. Large
moisture fluxes associated with the trade winds can be noticed over thel tfdlgica
tic Ocean and into the Amazon basin. A region of large westwaititsard mois-
ture fluxes also exists on the southeastern coast of Bexatiated with the western
boundary of the Atlantic anticyclone and the topography of southe&stazi, trans-
porting water vapor along the coast and towards the South Americarodfo(\gera
et al. 2006). However, the most relevant feature for our stutthe isouthward mois-
ture flux from the Amazon into the La Plata Basin noticed throbghrelatively low

lands between the Andes Mountain ranges and the Brazilian Highlamttssek look
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at this region (Fig. 4.12c) reveals the horizontal structurbeot.ow-Level Jet (LLJ)
east of the Andes, discussed a few times in the literature. It can alsodeel mofrig.
4.12c a region of moisture flux convergence at the exit region oflthéwestern and
southern parts of LPB). This region of convergence also prevailstiovesouthern

South Atlantic.

Figures 4.12b,d present the differences in moisture fluxes amdctmvergence re-
sulting from the land cover modification from current vegetation o adoplands
(CROP — CNTL). Within the La Plata Basin, the reduction in sarfaughness (Fig.
4.5c) favors stronger low-level winds and consequently stronger neofsines (Fig.
4.12d), and an eastward anomaly develops. The acceleration of the enfhistiat
the exit region of the LLJ produces increased divergence (or idoogergence) of
moisture fluxes particularly over the northern part of the basin. As the Xidtsv.€B,
and into a region where the surface roughness kept the originas vidaee is an in-
creased convergence of moisture flux most noticeable east tlatie. Likewise,
southward anomaly winds produce increased convergence over the sqattiesh

the basin.
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Figure 4.12: (a) Three-month (SON 2002) average of vertically integrated umeist
flux in kg (m s)* (shades represent the main features of the topography in krthe (b)
CROP-CNTL moisture flux differences (Moisture fluxes weattem 4 kg (m $J
were masked out); (c) close-up over La Plata Basin of theakytintegrated mois-
ture flux and its convergence (shades); and (d) as (c) but forREREPECCNTL differ-
ences; values smaller than 3.5 kg (i spre masked out. The magnitude of the vec-
tors is presented at the lower right of each panel. In (bYd&ndH' and ‘L’ denote
anticyclonic and cyclonic circulations of moisture flows respeltivén (b), ‘T’ de-
notes a response at a distant location.
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Figure 4.13 shows the cross section, along the line X-Y in Fig. 4.12be oherid-
ional moisture flux and its variation due to the land cover chaBgebery and Col-
lini (2000) showed that the LLJ east of the Andes Mountains suppliesuneofsom
the Tropics into the subtropics and even into the middle latitudesreMgl3a shows
that the southward moisture fluxes are concentrated in a narrgwuldinal band be-
low 700 hPa. It also shows that the cross section of meridionatumeoftux has a
southward maximum of about 30-50 g'kg s* through the 900-700-hPa layer on the
eastern side of the Andes. Figure 4.13b shows that the extremeolardehange
would strengthen the northerly moisture flow between the ceftrdés Mountains
and the Brazilian Highlands. This means that the land cover matthin would in-
crease the moisture injection to LPB from the north, the Amazon Qasi also in-
creases the exit flow from the northern region). The maximum amount of thasac
in the moisture flux exceeds 4 i g kg* in low levels (55° W - 60° W) and accord-
ingly water vapor mixing ratio increases in the lower tropospl®rels. Because a
major reason for variability in precipitation over LPB is maist transported from
Amazon basin by LLJs, this result suggests that the drier f@npgpringtime in the
northern (southern) LPB would be induced by the assumed extreme olerd-c

change.
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Figure 4.13: (a) Cross section of the meridional moisture flux (shaded?* m lejY)
across the line marked X-Y in Fig. 4.12. The contours in denote waper mixing
ratio (g kg*). The model topography is represented in white color. (b) CROPLCNT
difference in the meridional moisture flux. The solid (dotted)slime(b) denote the
positive (negative) difference with interval of 0.1 g'kg

The spatial scale of the land cover change that must occur intordeve rise to a
large-scale impact depends on where the land cover forcing aotting earth (Mar-
land et al. 2003). There is no detailed study on the remotecopigiection effect of
land surface changes over the LPB. Figure 4.12 shows that theolardcbange in

LPB results not only in changes in the interior of the basin butimlslbanges in the
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horizontal moisture flux patterns over the South Atlantic Oceanedls Whis clearly
indicates that the results of land cover change in the LPB@rstrictly local, and
advective processes modify the circulation and precipitation psat@ownstream
over the South Atlantic Ocean. The horizontal scale of the langceuchange is ap-
proximately corresponding to 22° x 24°, i.e. the size of the basin.extbasive land
cover changes produce anomalies of the mass/temperature feldsofan in Fig.
4.8b), whose size is comparable to the Rossby radius of deformagionhder this
circumstance, the anomaly information might be transferredstardiregions, for ex-
ample, by Rossby wave propagations (personal communication, Lap@i9¢ @ by
circulation connecting the Tropical Ocean and mid-latitude regidhss could be the
case of the anomalous atmospheric circulations near 10° N (Figird.12b), far be-
yond the LPB. Or, the remote response can be the anomalyidlo® Which can be
diagnosed by large-scale dynamics through moisture convergenug #Ad Neelin
1999). It remains to be verified if the two features are ohycally related or are sim-

ply “noise” in the simulations. This subject will not be examined here

4.4.5 Surface precipitation

Figure 4.14 presents the precipitation fields averaged over 3 mdmhgréipitation
in Fig. 4.14a is the same as in Fig. 4.2c). The control run showthé&ptecipitation
fields exhibit larger precipitation over the southern LPB than theemorthern LPB
(Fig. 4.14a). Figure 4.14b presents the precipitation difference betiheeCNTL

and CROP experiments. The changes in the precipitation fieltheaxplained as
the combined effects of both local (e.g., CAPE/CIN effects) agg{scale (moisture
fluxes) forcings induced by the land cover change. There is aallogensistency

between the precipitation field and vertically integrated magstlux convergence.
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On the whole, the regions of precipitation increase (decreasepbocated with ver-
tically integrated moisture flux convergence (divergence). Ealbgcprecipitation
change over the ocean is more related with large-scaleurititx change, than to

the local thermodynamic changes.

Figures 4.14b,d show that the northern LPB may experience dmeateliwith the
reduced precipitation with the centers of the drying (about -0.6 mi) dagurring in
the Region | and Il. This is consistent with the majority of numerical expets that
examine the effect of deforestation on climate by assuming ameof forests into
croplands with higher albedo and lower roughness length (e.g.eNubal. 1991,
Hahmann and Dickinson 1997). In contrast, the precipitation is slightigased in
the southern LPB. Thus, the horizontal precipitation gradient betweenotithern
and the southern basins would increase because of the land coge.ciiis result
indicates that the increases in cropland extension would make tiemoktPB be
slightly drier, while the southern LPB would have more precipitatibms important
to recall that these are idealized simulations and the resedis to be taken under
these limitations. The conversion of evergreen broadleaf foresi/ toropland and
pasture is a commonly assumed scenario in most of the defiaestaperiments,
which find that deforestation yields significant reduction in prégijgin. Similar re-

sults were obtained also in this study.

The reduced (increased) precipitation in the northern (southern)id.Betistically

significant. However, the statistical significance ofgguéation is somewhat lower
than that of 2-m temperature and 10-m wind (see Appendix B). &hibe attributed
to the fact that, in general, precipitation does not necessaribywf@aussian prob-

ability distributions. Nevertheless, statistical significaméehe change in surface
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precipitation due to land cover conversion is over 90%. While thet efféhe LPB
land cover change on the near-surface temperature is maiitgdito the basin, the
effect on the precipitation is not restricted to the basin butoaleolarge downstream

areas.

Figure 4.14: (a) Three-month (SON 2002) average of total precipitation in mm.day
(b) CROP-CNTL difference in total precipitation in mm dayc)-(d) as (a)-(b) but
for the convective component of the total precipitation. The contoanvaitis 0.1
mm day" and the zero contours are suppressed.

Thus, the change in precipitation induced by the land cover modificatidnts
physical mechanism over LPB can be summarized as followsex&ame agricul-

tural activity implies that the northern part of the basinngiteg from “forests and
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savanna” to “croplands” would have an overall increase in albedo and desiutace
friction. These two changes lead to a reduction of sensibleahdaurface tempera-
ture, and a somewhat higher evapotranspiration due to reduced stasai@nce
and enhanced 10-m winds. The effect on sensible heat seems totdanuohgield a
reduction in convective instability. The stronger 10-m winds duedaced friction
also imply a larger amount of moisture advected out of the basithandesulting in
reduced MFC inside the basin. The combined effects of the two, secretability
and reduced MFC, give rise to a reduction of precipitation. On tiex band, the
southern part of the basin exhibits the opposite behavior, as “croplamdsd ve-
place “grasslands”, resulting in reduced albedo, a slight increamafate tempera-
ture and increased precipitation. Turbulent latent heat flux is eathancboth the
northern and the southern LPB by reduced stomatal resistance ergtietned near-
surface winds, but such an enhancement is smaller in magnitude dahanh dliecrease

or increase in turbulent sensible heat flux.

4.5 Discussion of the NATR experiment

The scenario NATR represents a natural land cover pateer-g. 4.15) where cur-
rent dry croplands and cropland/woodland mosaic areas were replagaydnna
(grassland) above (below) 25° S, only within the LPB (refer to Lapbkd. 2008).
The scenario CROP had three regions with changes in surfacetiggper. Region |,

Il and IIl in Fig. 4.5a. However, the scenario NATR accomparuas different re-
gions: the first changing from dry croplands to savanna, the second chiapn
land/woodland mosaic to savanna, the third from cropland/woodland mosa&s$e gr

land, and the fourth from dry croplands to grasslands.
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(@)

(b)

(€)

Figure 4.15: (a) A global natural vegetation map (source: http://www.geograph
hunter.cuny.edu/~tbw/ncc/chap4.wc/vegetation/world.map.natural.vegetation.jpg).
The natural land-use/ land cover map used for the NATR experimertieofb}
mother and (c) nested domains.
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Figures 4.16a,b present the vertically integrated moisture fldxta horizontal con-
vergence for NATR-CNTL, while Fig. 4.16c shows the total préaijoin differences.
An overall match between the precipitation fields and vertidatlygrated moisture
flux convergence can be seen, as it was the case for the €/@Rment in Figs.
4.12d and 4.14b. Fig. 4.16¢ shows that in general the entire LPB woulch luize
climate if there were no croplands. The major centers of rddueeipitation (below
-0.8 mm day) occur around Uruguay in the southern LPB. Increased preaipitati
also exists, for example, over Paraguay and northwest of Byuguit over smaller

areas and with weaker intensities.

Nuiiez et al. (2008)'s observational analysis suggests that the absecvease in
precipitation in the northwestern Argentina is related not only aithincrease in
moisture transport from the Amazon but also an intensive cultivatieoyf Figure
4.16c reveals that the northern (southern) LPB would suffer from seeaduction)
in precipitation due to modern land cover effects. This impliesthieaincreased pre-
cipitation in the Uruguay River is possible through the land covengd from the
natural vegetation to the modern vegetation. In particular, this fimdamghave an
important implication associated with the observational incregseaipitation in the
Uruguay River (Saurral et al. 2008) and northwestern Argentina @Netiial. 2008)
during the second half of the past century. Because Sauata(2908) did not allow
land-atmosphere exchanges, our findings bring another view tocthralusion that
the positive trend observed in the Uruguay River streamflow shouddtiieuted to

increase precipitation, rather than to land cover change.
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Figure 4.16: Same as (a) Fig. 4.12b,
(b) Fig. 4.12d, and (c) Fig. 4.14b ex-
cept for NATR-CNTL.
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On the other hand, the results of Figs. 4.14b and 4.16c indicate that cdriinde
cover changes, from natural vegetation state to current agsvétbm current to fu-
ture, would have impacts on increasing precipitation by a maximuwuabanft +1 mm
day’ in the southern LPB, especially near Uruguay. In the northeB however,
the impact of anthropogenic land cover changes tend to be caraélédtime goes
by from past to future through present. Namely, land coveresainom past to pre-
sent would have effects on increasing precipitation, but vegetatsomgehk from pre-
sent to future would have the opposite effects in the northern LPR.oBgaring the
two regions, the southern LPB appears to be more vulnerable to laedacwl/ land-

use changes, and would experience relatively bigger regional climate changes

According to Fig. 4.16a, NATR-CNTL shows weaker impact of LULGéntCROP-
CNTL inside the LPB and over the Atlantic Ocean west of thB, lit exhibits big-
ger remote impacts than CROP-CNTL with the teleconnection mureeable near
equator (the region ‘T’). Beltran-Przekurat et al. (2010) mentioned that in their re-
sults the LULCC impacts were mostly limited to the ardabt® land-cover changes,
and assumed that remote changes would also appear in locatidrsrfavhere the
LULCC occurred. One of the major reasons for that may be thehat the spatial
scale of the LULCC in Beltran-Przekurat et al. (2010) islseompared to our pre-
sent study, which deals with the horizontal scale of the LULCpeoable to Rossby
radius of deformation. The present study suggests that such nesptases might

be possible in case of highly strong land-use and land-cover practices over LPB.

65



Figure 4.17 Same as Fig. 4.16 ex-
cept for CROP-NATR.

Figure 4.17 is the same as Fig. 4.16 but for (CROP — NATR). Compére@ROP

— CNTL, we can see more clear signals for general contributicantbiropogenic
landscape changes over La Plata Basin to regional MFC and tagaipitrends.
Figure 4.17a shows that southerly and westerly moisture flondeaate over the
LPB due to decreases in roughness length (Table 4.2), while thesradiews out of
the basin decelerate due to increased roughness length. Ast,aMé<€ulare reduced
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within the basin but are reinforced along the northeastern bound#rg basin (Fig.
4.17b). These processes produce a distinct cyclonic circulation doamnsfie in
Figs. 4.17a,b) in contrast with the two-cell structure in Fig. 1Bae southerly and
westerly moisture fluxes within the basin seem to prevent tllebldwing from the
Amazon Basin. As a result, Fig. 4.17c shows that the expansion of finduzed
dry croplands would lead to an overall reduction in precipitation ovenaonthern
basin, while would result in an enhancement in precipitation over the solih&n.
The latter feature is consistent with the increasing trend in observepitatesn (Fig.
1.4) and shows that observed precipitation change is partly associdtddna sur-
face changes. However, the magnitude of the observed changesh larger than
those obtained here, and the pattern is also not identical. Tastig because we
ignored land cover changes outside the basin, but more basically because thexlobser

changes seem associated to changes in large-scale forcingsdglocktt al. 2006).

4.6 Summary and conclusions

The land cover of the La Plata Basin has been subject to imponamges due to ag-
ricultural practices with unknown effects to the environment. Exterfsirming ac-

tivities have potential impacts in the surface physical pragsethat may affect the
basin’s climate. To better understand the mechanisms by whiclarttiesurface-

atmosphere feedbacks may be affected, the WRF modeling sysi®mmsed to simu-
late idealized cases of vegetation distributions. Two ideafizedarios were consid-
ered. The first one is an intensification of the agriculturavidies (replacement of
natural vegetation by croplands within LPB) while the other oneatsflthe assump-

tion that there were no human influences in the land cover of LPRropands).
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This research discusses the land-atmosphere interactions, teeim rabdifying the
boundary layer, the effect on the convective instability and low leegdture fluxes,
and ultimately, the resulting changes in precipitation. Astieail significance at the

90% level was considered for the results.

Evaluation of the model performance for the 2002 austral sprirgprsea South
America was performed against raingauge and satellite @srafprecipitation. Al-
though not perfect, the simulations were able to reproduce all timeaiserved cen-
ters of precipitation. The evaluation of the 2-m temperature algs qualitatively
successful in magnitude and spatial gradient within the La B&gen. The compari-
son becomes unreliable in other regions due to the lack of a properatioseivnet-

work (e.g., in the Amazon basin).

The first set of experiments was prepared by assuming araseckd agricultural
practices within the La Plata Basin by replacing natural vegetésavanna, grass-
lands and evergreen broadleaf forest) by dry cropland. The réplagetation over
the northern part of the basin was mostly savanna and forests,invhike southern
part of the basin it was savanna and grasslands. The northern tharbakin experi-
ences an overall increase in albedo and reduced surface fricfioa.changes in
physical properties lead to a reduction of sensible heat and n&arestemperature, a
reduction in CAPE, and MFC, resulting in a reduction of precipitatiThe southern
part of the basin, on the other hand, exhibits the opposite behavior, resultimgt

increase of surface temperature and increased precipitafibe. reduction of 2-m
temperature over the northern LPB and the enhancement of 10-m werdthe en-

tire LPB were strong signals and statistically significaven at the 99% level of sig-
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nificance. The land cover change effect on precipitation wasiasstically signifi-
cant compared with the near-surface temperature and winds, bas istil statisti-
cally significant at the level of 90%. Among the three replasgpktation types, the
largest change in surface climatic variables occurs ilwmegvith changes from ever-
green broadleaf forest to dry cropland. This suggests that overdgises potential
future agricultural practices may have a larger impact ototta surface energy bal-

ance and the entire LPB climate.

The second set of experiments replacing croplands by natural tvegetaowed that
the LPB would have a drier climate if there were no human landspegctices.
Combined results of the two scenarios show that land cover chiaogepast to pre-
sent would increase precipitation, but vegetation changes from present to future would
have the opposite effects in the northern LPB. All these thingsimmgly that the
southern LPB would be more sensitive to land-cover and land-use changes, and would

experience relatively bigger regional climate changes.

It is shown that the land cover change in the LPB may aféesbte places as well as
downstream, indicating that extensive land-cover changes whtelsscale similar
to that of the Rossby radius of deformation in mid-latitudes dutisgra spring sea-

son can teleconnect to other regions.
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Chapter 5: Incorporation of Ecosystem Functional Tyes in

the WRF Model

5.1 Motivation

In exchanges of heat, moisture and momentum between land and atmosgetee, ve
tion information is important in establishing the partitioning of &cefsensible and
latent heat flux, and affects the near-surface mass and wirabblesi Values of 2-m
temperature, 2-m specific humidity and 10-m wind are associatbdhe vegetation
characteristics like albedo, roughness length, leaf area,indgetation fraction etc.
Moreover, the influences of vegetation in the near-surfacearsférred to the plane-
tary boundary layer (PBL) and even to higher levels in thedm@®sphere by turbu-

lence processes and meso-/large-scale atmospheric circulations.

For observational and modeling studies on the land surface changhise-skeved

information has been playing a crucial role in upgrading the tguafliland surface
data (e.g., Anderson et al. 1976). In order to replace the exisbngdybased land
cover data by remotely sensed data, many efforts have focused upgrsatsillite-
based land cover data in the numerical models. For instance, @teso1997) car-
ried out stand-alone model runs using two satellite-derived maps glothal land-
cover dataset commonly used in GCMs, and showed that the partitidmegradia-
tion into sensible and latent heat fluxes was different for e datellite-derived
datasets. Kurkowski et al. (2003) implemented satellite-derivedcctaret data in the

Eta Model (Black 1994) and showed that use of the near-real-tim&tiegdraction
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data from the National Oceanic and Atmospheric Administration’saAded Very
High Resolution Radiomenter (AVHRR) data improves the forecadtstbfthe 2-m
temperature and dew point temperature for much of the growing season. Yucel (2006)
implemented the Moderate Resolution Imaging SpectroradiometeD{$)Oland
cover and albedo in the fifth-generation Pennsylvania State UnweXsitional Cen-
ter for Atmospheric Research Mesoscale Model (MM5) (Gredl.et994) at two con-
trasting U.S. regions and showed remarkable improvements in nésrestempera-
ture and humidity at both study areas. Ge et al. (2008) also incagbdingt MODIS
data of leaf area index and vegetation fractional cover in theoRaghtmospheric
Modeling System (RAMS) (Pielke et al. 1992) and showed that thmlssaasonal,
and diurnal characteristics of the model land surface temperaéreeimproved be-

cause of MODIS data.

However, AVHRR (USGS) land-cover dataset, a default datesditionally used in
most meteorological modeling systems including the WRF modelsedban a land-
cover classification dictated by “structural” attributes of vatien, and therefore
have a high inertia to rapid environmental changes (Alcaraz-Segafa2009). The
number of land-cover/land-use types is also rather small:x@mple, 15 types in
ECOCLIMAP (Champeaux et al. 2005), 17 IGBP types (Belward. dt98l9; Scepan
1999), and 24 USGS types (Loveland and Belward 1997). The number of land-
cover/land-use types is related with spatial heterogeneigcasystem functioning,
and we would lose heterogeneity information with smaller numbsmpet. Accord-
ing to Pielke (2001), the shape of the surface heterogeneity straifegits the ability
of mesoscale atmospheric flows to accumulate CAPE within l@gabns so as to

permit a greater likelihood of stronger thunderstorms. To overcome dn@sbacks,
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some ecologists (e.g., Paruelo et al. 2001, Alcaraz-Seguta2606, 2009) proposed
a new land-cover classification calledosystem Functional Types (EFTwahere the
land-cover classification is dictated by “functional” attrilsutd vegetation and has a
sensitivity to rapid environmental changes. The idea is ragmegethe earth’s land
surface in terms of ecosystem functional types rather thacutihent fixed structural
types. For example, the behavior of rice fields and wetlanslmitar, but are classi-

fied as different types in the traditional land-cover classification.

Because the EFT dataset has not been incorporated in any nlimweadaer or cli-
mate models, the first objective of this study is to implement it in the WRF Msdel
new terrestrial boundary condition, and to estimate its impact oclithate and hy-
drology of the region. With this objective, numerical simulationthhefWRF Model,
using both USGS and EFT data, are carried out for the austral 4@98and are
compared with observations. The present study focuses on a regieaatouthern
South America which has experienced significant land cover changssthe Euro-
pean settlement. It is also our objective to understand the physcilanisms by

which regional EFT changes give rise to changes in regional preapitati

5.2 Methodology and data

5.2.1 The WRF model configuration

The model configuration has several differences from the precioaster. Taking
advantage of a new release, the Advanced Research WRF version 3.lLided/as
this chapter for the numerical simulations rather than version 2.2.bf the simula-

tions were performed on a two-way nested grid configuratiah am outer grid of
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625 x 377 points at a 30-km interval, covering the southern South Amerigdimnc
the LPB. An inner grid with 768 x 552 points at a 10-km interval wateddo cover
most of the LPB and the northern and central parts of Argentind{geB.1). Both
grids have 27 vertical levels and their thickness is georadyrincreased with height
A 180-s time step is used on the coarse-grid domain and a stim#anterval on the
inner grid. Each grid used the same vertical coordinate (2%)evEhe LAI, as well
as the other surface parameters, is dependent on the type of lanthndvwese and
has seasonal variations, allowing more dynamic vegetation behdael physics
are the same as in Chapter 4, except that the radiation scresmeplaced by a new

one in WRF version 3.

Figure 5.1: The WRF model domain configuration used in this chapter. Mother and
nested domains have horizontal resolutions of 30 km and 10 km, respec@azly.
tour intervals for topography are indicated at the bottom in km.
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Initial atmospheric fields and atmospheric lateral boundary condivens provided

by the NCEP/NCAR reanalysis (Kalnay et al. 1996). Thedht®yundary update in-

terval is 6 hour and five grid points were used for the lateral boymdaiging. Up-

per-air spectral nudging techniques (Davis et al. 1976, Vukicevic amub B990,

Waldron et al. 1996, von Storch et al. 2000) are adopted and the nudging &t done

every model time step only on the coarse grid. Cut-off wave msnised for spec-

tral nudging are 6 and 5 in x and y directions of the domain, regglgctit is known

that precipitation location biases and monsoon circulations are imphyeadple-

menting spectral nudging of the large-scale dynamics (e.guddilylacho et al. 2005,

Cha et al. 2006). All these are summarized in Table 5.1.

Table 5.1: The specification of the WRF modeling system used in Chapter 5.

5)

Grids Double nested domain
(30 km for 625x377 and 10 km for 768x552 grid points
Numerics Primitive equations based on the non-hydrostatic frar

Vertical resolution

27 vertical levels with model top of 10 hPa

Later boundary
condition

Time and inflow/outflow dependent relaxation

Lateral boundary
update

30 km : 6-hour interval by NNRPs
10 km : 6-hour interval by 30 km forecasts

Spectral nudging

30 km : cut-off wave number is 6 (5) in the x (y) dire
10 km : none

ction

Time integration

3 months for both 30 km and 10 km meshes
(180s intervals in the coarse grid)

Horizontal diffusion

Fourth order diffusion

Precipitation physics

WSM6 microphysics (Hong and Lim 2006)

Deep convection

BMJ cumulus scheme (Janjic 1994, 2000)

PBL and surface layer

MYJ PBL scheme (Janjic 1990, 1996, 2002) and
MOJ surface layer scheme (Janjic 1996, 2002)

Land surface physics

NOAH LSM (Chen and Dudhia 2001)

Short wave radiation

Dudhia shortwave scheme (Dudhia 1989)

Long wave radiation

New RRTM (Mlawer et al. 1997)
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5.2.2 Land cover data

The WRF model, which was adopted in this study, allows the use oat&gery
MODIS land cover data in replacement of the traditional 24-categ&GS land
cover data. The default land-cover dataset in the WRF Modese&llian the USGS
global 1-km land-cover map (Anderson et al. 1976) produced from the Nafloea
anic and Atmospheric Administration (NOAA)'s Advanced Very Higlsétetion Ra-
diometer (AVHRR) measurement (Loveland and Belward 1997) from 1992 — 1993
data. Surface properties such as vegetation and soil moisturealgtaescribed fol-
lowing 24 unique USGS land-use categories with different surfibeel@ moisture
availability, emissivity and roughness values assigned to eacjocateThe other
land-cover dataset in the WRF model is based on data from tren&latieronautics
and Space Administration (NASA)’s Moderate Resolution Imaging Spectroratiom
(MODIS) measurement, and was implemented by Yucel (2006). M@BIS land
cover dataset has 17 USGS land-cover types which were teghfiain the Interna-

tional Geosphere-Biosphere Program (IGBP) classes.
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Figure 5.2: A schematic diagram illustrating the seasonal curve of ldhized Dif-
ference Vegetation Index (NDVI) and the three components whichsack to define
Ecosystem Functional Types (EFTs) (Paruelo et al. 2001, AlcarazeS2gQB).

EFTs are different from Plant Functional Types (PFTs) whielgesups of plants that
have similar functioning (N fixation, photosynthetic pathways, et€FTs are groups
of ecosystems that share functional characteristics in relation aonhxentandtiming

of the exchanges of matter and energy between the biota and the physical eentironm
showing a coordinated and specific response to environmental facters. identify
the functioning of a plant and assign those attributes to a regibrthege plants (e.qg.
tree forest), thus the bottom-up denomination. EFTs are computed frotditesatel
information (NDVI), so they do not identify the functions of a giveanpl but instead
identify an ecosystem that has homogeneous properties in teemshaEnges of en-
ergy and mass over a given region (top-down approach) (AlcarazeSegal. 2010,
manuscript in preparation). In the EFT system, 64 EFTs arefiddntising “three
descriptors” of carbon gain dynamics derived fregasonal curvesf Normalized

Difference Vegetation Index (NDVI). The three descriptars (1)annual mean
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(NDVI-I, surrogate of primary production), (2nplitude of annual cycler coeffi-

cient of variation(CV, indicator of seasonality), and (8ate of maximum NDVI
(DMAX, descriptor of phenology) (Paruelo et al. 2001, Alcaraz-Segura 20G6).

Figure 5.2 shows a simplified example for the seasonal curv®Wwi Bnd the corre-
sponding three descriptors. NDVI-I, CV, and DMAX capture 95% ofvreance in
a Principal Component Analysis of NDVI (Alcaraz-Segurale@06, 2009). For
details, refer to Soriano and Paruelo (1992), Paruelo et al. (2001), eGardABegura

et al. (2006).

In order to assign land-surface physical parameters to each EFT, 1-km labriesot
lution dataset of the 1992 USGS global land-cover map was usemn tRel-km
global land-cover mapthe correspondin@5 land-surface parameter mapased on
the Noah land-surface model parameterization for the 1992 USGSdueadatasses
were obtained. Then, the 15 parameter maps are spatially sppsedntothe EFTs
classificationfor the year 1992 to spatially extract the mean land-surfacaneser
values of each EFT. To show the spatial effect betweenvthapgproaches, thela-
tive differencebetween the mean EFT- and USGS-derived parameters waatest
using a formula (USGS-EFT) / USGS * 100. Characterizatiorh@inter-annual
variability of the land surface properties is based on the year-to-flaages in the
EFT distribution from 1982 to 1999 and the former land-surface paranadiem of
each EFT. Both the coefficient of variation (standard deviatiomelivby mean) and
the inter-quartile range divided by median were computed fcr Eand-surface pa-
rameter as relative descriptors of the inter-annual diffeeend@@ecumulative inter-
annual variability was also evaluated across all parameters (Alcaraz-Seguah

2010, manuscript in preparation).
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Figure 5.3 displays the USGS land-cover map, derived from theR&R/Hata,
through the 30- and 10-km model domains. The USGS terrestrgasedsitof 10’ and
5’ resolutions were used for the coarse and fine domains, respgctimehe figure,
about 10 types among 24 types are seen in both domains, and somewhat detailed land-
cover distribution is seen at the finer resolution. With USGS, we haile with a
combination of LULC types for each grid box. With EFTs, we pick omg EFT for

each grid box.

Figure 5.3: Land use/land cover maps used for CNTL. Left panels show the mother
and nested domains.
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Figure 5.4 displays the EFT map, derived from the NDVI data, in the model domains.
Unlike Fig. 5.3, all 64 EFT categories are seen in both domaindaxgtlr (smaller)
values indicating higher (lower) productivity of the surface teggen. In Fig. 5.4,
orange (brown) colored regions means high (low) net primary predyctin con-
trast with the Andes Mountain ranges and Patagonia, vigorous vegetatioties

can be seen over the LPB, especially, the central and southern Paraguay.

Figure 5.4: Same as Fig. 5.3 but the ecosystem functional type map.

5.2.3 Design of experiments for EFT impact

WRF simulations consisted of two kinds of land cover datasets couwbengeriod
from September to November 1998. The control run (CNTL) representeatial
simulation with the default USGS land cover map (Fig. 5.3) in which there aoeivari
kinds of human-induced vegetations (dry cropland, irrigated cropland, andnilkei
ture) as well as natural vegetations (Savanna, evergreen lafofutkest and grass-

lands in the northern, central, and southern parts of LPB, respectively).
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In the experimental run (called EFT), we use the EFT map $Hyreplacing the ex-
isting 24 USGS land-cover types by 64 EFTs. In order to scrutinize the changes to t
mechanisms that induce precipitation, we examine the surfaces flagar-surface
temperature and winds, the convective instability, and the moisturetexivento the
region. All simulations are conducted from 0000 UTC 1 September 19980
UTC 1 December 1998, with NCEP/NCAR reanalysis data providin@ligind 6-
hourly boundary conditions. Experiment results for precipitation and &-tera-

perature are compared with observations.

Figure 5.5 displays the surface albedo and roughness length fie@ISTIL and the
difference EFT minus CNTL. Surface albedo is low over everdgoeesdleaf forest
regions in the central LPB and the Amazonia (Fig. 5.5a). The Andeganmouwnges
have albedo higher than 25% with the maximum at higher latitudes clodfi S. It
can be seen over the LPB that the maximum decrease (indrease€face albedo oc-
curred in the southern (northern) LPB (Fig. 5.5b). On the other barfdce rough-
ness length shows the largest values over the evergreen brdaddsatregions (Fig.
5.5¢). It can be seen within the LPB that the maximum increi@eee@ase) in surface

roughness length albedo took place in the southern (northern) LPB (Fig. 5.5d).
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Figure 5.5: Three-month (SON 1998) averaged (a) CNTL and (b) EFT minus CNTL
fields for surface albedo (%). (c) and (d) are for surface roughnesk (engt

Hereafter, the analysis focuses on the interior of the lta Blasin which is the study
interest area. To make the analysis simple, two reeduyes are drawn in the pan-

els as in subsection 4.4.2. The upper box bounded by (66°W-46°W, 28°S-17°S)
representsthe northern LPB” and the lower one bounded by (65°W-51°W, 37°S-
28°S) representdhe southern LPB” The latitude 28°S is properly located so that
the northern LPB contains mixed albedo and the central eastern a$?Belkreased
roughness-length areas, while the southern LPB encompassesseeécazedo and

increased roughness-length areas.
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5.3 Effects of the new land-cover dataset on the numerical model simutat

5.3.1 Surface precipitation and 2-m temperature

In this subsection, model simulated precipitation and near-surfaqgetature results
were verified against observation through frequently used two methods (bias and root
mean-square-error). Figure 5.6 shows spatial biases and rootsoee- errors
(RMSESs) between simulated and observed precipitation for the wih@e months
(SON 1998). The figure shows that the control run has overallinedahses except
in the northwestern part of the basin. In general, Fig. 5.6 indidaesbdel’s sys-
tematic biases are improved by the new land-cover dataseth&tRMSE remained
practically almost unchanged. The new approach reduces modeal piasesystem-
atic errors) especially in the southern LPB (Figs. 5.6a,b). Orottier hand, the
RMSE (i.e., total error) for precipitation differences showseaaigffects, increasing
in some regions and decreasing in others. For example, the soui2ishbws re-
duced RMSEs, but over Paraguay the RMSE were increased (Figs).5.6bgin-
creases in RMSE may indicate that the EFT experimeniesascapable of simulat-
ing the day-to-day precipitation variability present in the olesgrbut may be partly
related with the non-Gaussian nature of precipitation distributiors ¢hild be clari-

fied with other statistical measures for longer-term simulations.
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Figure 5.6: Biases in precipitation (mm ddyfor (a) CNTL — TRMM and (b) EFT —
TRMM. (c) and (d) are the same as (a) and (b), respectesatgpt for root-mean-
square-error (mm day.
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Figure 5.7 shows time series of simulated and observed totahatated precipita-
tion over the LPB during austral spring 1998. Overall, the control rursiadier
precipitation than observed except at the beginning of the siowliatiearly Septem-
ber. Such underestimation becomes clearer with time, and thesdd&from ob-
served precipitation reaches about 20-30 mm at the end of November 1998f Use
EFT data in the WRF model tends to increase accumulated preaipitand the gap
between EFT and CNTL increases with time. This shows thayeobiinefits of us-

ing the new land-cover map to reduce the model bias, and sutigdstshe simula-
tions were extended into summer, there would be a potential improvemsmhmer

season precipitation.
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2404 —EFT
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Figure 5.7: Time series of observed, CNTL and EFT accumulated precipitation (mm).
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Figure 5.8 displays one-month averaged precipitation for November 1988, wih
the introduction of the new land-cover data, the areas of totapppadion over 1 mm
increase in the LPB. Also, the horizontal precipitation distribuisosubstantially

improved and the magnitude of precipitation is closer to the TRMM observation.

Figure 5.8: November-1998 averaged precipitation (mm Yafpr (a) observation,
(b) CNTL, (c) EFT and (d) EFT — CNTL.
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Figures 5.9a,b display the three-month averaged field of observedrardted 2-m
temperature, respectively. Observed temperatures have maxialues around lati-
tude 18°S and gradients of northwest-southeast directions (Fig. 5.98)L r€pro-

duces well such patterns and show reasonable consistency wsttatiad distribution
of observed temperature. Figures 5.9c,d display the differér€BBL from obser-
vations. CNTL tends to have cold biases along the boundary of thewt#B,have
warm biases in the southern Paraguay and north of Paragua®.@Gy Figure 5.9d
indicates that the warm bias over the southern Paraguay and thieialover the

Uruguay are reduced with the use of the new land-cover dataset.

Stations measuring temperature are even sparser than thoseimgepsecipitation,
and this dataset may have unreliable values over large ungaugedsrehus, the
evaluation should not be more than qualitative. In order to see how thielynoetin
2-m temperature errors evolve with time, biases in 2-m temperaturealenéated in
the rectangle box (see location in Figs. 5.9¢,d), which denotesltiwde regions
within the LPB and is thought to have better quality observation compathd
mountainous regions within the basin. Figure 5.10a presents the stnulatgs ob-
served mean 2-m temperatures for each month in austral s@98y All the three
months have biases ranging from about -0.7 to 0.4 °C, and October hagyés¢ lar
magnitude among them. The CNTL run has negative residuals ingheviirmonths
and then positive residuals. The EFT run has the same phase butaias &mpli-
tudes than CNTL in all the three months. Consequently, use of BRTindéead of
USGS land cover types in the model reduced biases in monthly meatepera-

ture over the LPB by on average 54% (89%, 14% and 60% for each monthhan spri
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1998. There was also general improvement in the root-mean-squaréRiVtSE),

and the correction was largest during November (Fig. 5.10Db).

Figure 5.9: Same as Fig. 5.8 but for 2-m air temperature (°C).
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(@)

(b)

Figure 5.10: (a) 2-m temperature biases (°C) and (b) root-mean-square(e@p
over the box area in Fig. 5.9c¢,d for each month during SON 1998.
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In the following sections, the effect of EFTs on other variabldéisbe discussed to

understand the mechanisms involved in the reduction of the biases and RMSEs.

5.3.2 Surface heat fluxes and near-surface atmospheric variables

Figures 5.11a,b present time series of the difference (ERUISN@NTL) of the area-
averaged surface heat fluxes over the two regions. In the nortR&nthe replace-
ment of the USGS land-cover map by the EFTs produces a dearessesible heat
fluxes due to the increased surface albedo, and an increaseninneat fluxes. The
southern LPB exhibits the opposite behavior in the sensible and latent heattiiho®

series, and the signal is relatively weak compared with the northern LPB.

The changes in the surface heat fluxes are expected tdaha@teear-surface atmos-
pheric variables. This can be seen in Figs. 5.11c,d where ¢haréa-averaged time
series of the difference (EFT minus CNTL) in 2-m tempeeaturd 2-m specific hu-
midity. The decreased (increased) sensible heat fluxes mottieern (southern) LPB
give rise to a cooling (warming) near the surface (Fig. 5.11bg rilagnitude of the
cooling is up to 0.5 °C, while the amount of the warming is below 0.806.the
other hand, the increase in latent heat fluxes in the northern pratiecexrease in
specific humidity near the surface (Fig. 5.11d). In the southern ttfeBatent heat
fluxes are reduced but the corresponding 2-m specific humidity shlovest neutral
changes. This is explained by the fact that 2-m specific dityris dependent on

near-surface temperature and winds as well as latent heat fluxes.
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Figure 5.11: Time series of (a) sensible heat fluxes (V¥)nfb) latent heat fluxes (W
m), (c) 2-m temperature (°C), (d) 2-m water vapor mixingprég kg'), and (e) 10-
m wind speed (m?Y. All are 5-day running averaged.
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Roughness lengths play a crucial role in determining neasesuxind direction and
speed. The increase of the roughness length forces a reductiomolvit@et speed in
both northern and southern LPB regions (Fig. 5.11e). The southern LPB &xhibit
larger decrease in near-surface winds since the maximunasecie surface rough-
ness occurs there. It is noted that the magnitude of the difeenrernvand speed does
not exceed 1 m’sin the original time series without 5-day moving average (not
shown), but the effect is very systematic and lasts during wiuttte model integra-

tion period.

Figure 5.12 shows the 3-month average of the 10-m wind fields oveP®e Figure
5.12a shows that winds have a strong easterly component under theldnd@8ver
condition. However, the easterly wind decreases (westerly aresnafith the use of
EFTs especially in the southern LPB (Fig. 5.12b). Although the &dteraf near-
surface winds is shown at 10-m height, the changes in lowerd@ve$ are expected

to modify higher-level wind flows and distributions.
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Figure 5.12: Three-month (SON 1998) averaged (a) CNTL and (b) EFT minus CNTL
for 10-m wind vector fields (m™. (c) and (d) are for 10-m wind speed, and contour
intervals in (d) are 0.1 m's
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5.3.3 Local thermodynamic forcing

The changes in the low level atmospheric conditions (e.g., 2-m T-en@QRare ex-
pected to induce changes in atmospheric instability. Figure 5.1Z&yBsthle simu-
lated 3-month average of the MCAPE and MCIN fields. In gerikesk is relatively

large MCAPE and MCIN over Paraguay in the control run (Figs. 5.13a,b).

The difference field (EFT-CNTL) shows that use of the newd{eover map would
increase MCAPE in the northern LPB including Paraguay, while@itlavslightly de-
crease MCAPE in the southern LPB (Fig. 5.13c). The increaseCAR¥E in the
northern LPB (Fig 5.13c) is associated with the increase inateatlheat flux (Fig.
5.11b). Figure 5.13d shows that use of the new landscape data debt€EdNeis

the southern LPB, but has neutral impact in the northern LPB. Beleagsevalues
of CAPE and small values of CIN are favorable conditions forl locavection and
precipitation, the increased CAPE over the northern LPB implregher possibility
of the development of Mesoscale Convective Systems in the regiatjas/ around

Paraguay.
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Figure 5.13: Three-month (SON 1998) averaged CNTL for (a) maximum CAPE
(MCAPE) and (b) maximum CIN (MCIN) (Units: J Ry (c) and (d) are for EFT mi-
nus CNTL, and contour intervals are 10 J'lend 2 J kg, respectively.
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5.3.4 Large-scale horizontal moisture flows

The local thermodynamic instability alone cannot fully explainctienges in precipi-
tation in the LPB. The change in surface precipitation is alsoahsequence of the
alteration in moisture transport into the LPB. Such an alberabn be inferred from
the previous section (Fig. 5.12), where the reduction of near-surface windsageexpe

to influence higher-level moisture flows and distributions.

Figure 5.14 displays the 3-month averaged moisture flux, verticaigrated from
1000 hPa to 300 hPa, and the corresponding convergence and divergencelfields
control run (Fig. 5.14a) shows consistent features with previous ologéts derived
from global reanalyses (Labraga et al. 2000; Berbery and Ba6@2, Doyle and
Barros 2002; Marengo et al. 2004), short-term regional forecasts ¢3id Berbery
2006), and month- or season-long simulations (Collini et al. 2008; Chaptérhé).
largest southeastward moisture transport exists over the northwés$tB including
Bolivia and Paraguay (Fig. 5.14b). It supplies moisture into the k&B the Ama-
zon basin, whose moisture is provided from the tropical Atlantic Ologdhe trade

winds.
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Figure 5.14: Three-month (SON 1998) averaged CNTL for (a) vertically nategl
moisture fluxes in kg (m $)and (b) their convergence in mm day(c) and (d) are
for EFT minus CNTL. Shaded areas in (a) and (c) are modeintéreaght (km), and
the moisture flux convergence (divergence) is positive (negative) in (b) and (d)

Figures 5.14c,d show that use of the new land-cover map modifiesakgoisture
transports. Figure 5.14c indicates that westerly moisture floavpraduced in the
southern LPB and most of them turn their direction toward the north inaitteern
LPB. Some of the westerly moisture flows keep going eastaradccreate relatively
small perturbations in moisture fluxes over the South Atlantic ©c&de Brazilian
Highlands seem to play an important role in the splitting of the westerly neofkiwr.
And then, the westerly (southerly) moisture fluxes in the southerith@ra) LPB

produces moisture flux convergence in the southern LPB (Fig. 5.14d). riorthern
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LPB, both moisture flux convergence and divergence are produced, andrageave
moisture flux convergence is somewhat larger with its maximurthennorthern
Paraguay. All these features suggest that precipitation irothieesn LPB would be
supported mainly by the large-scale moisture flux convergentoerrditan local ther-
modynamic forcing because changes of MCAPE are small inotitbesn LPB (Fig.

5.15c).

5.3.5 Precipitation

Figures 5.15a,b display the 3-month averaged total precipitation i. @Nd the dif-
ference (EFT minus CNTL). The control precipitation field skawerall consis-
tency with the vertically-integrated moisture flux convergence andgtnee fields
in Fig. 5.14b in both the northern LPB and the southern LPB. The regipnsagbi-
tation increase (decrease) are collocated with verticaiggrated moisture flux con-
vergence (divergence). The difference field (Fig. 5.15b) also correspagiti with
the moisture flux convergence field in Fig. 5.14d. On the other hantpared with
the MCAPE difference field (Fig. 5.13c), the northern LPB préaiijon difference

corresponds well with it, but the southern LPB does not.

The total precipitation difference (Fig. 5.15b) between CNTL and &ffiTbe under-
stood as the combined effects of both local (subsection 5.3.3) and lalgdssibsec-
tion 5.3.4) forcings induced by use of the new land-cover map. Bigut&c,d dis-
play area-averaged time series of the difference (EFT n@hJd.) in convective and
non-convective precipitation over the northern LPB and the southern LPB. r&he
veal that the northern LPB and the southern LPB have clearediffes in the precipi-

tation type. The northern LPB exhibits increases in both conveatine non-
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convective precipitation with time. The southern LPB shows aainmitrease as the
northern LPB in non-convective precipitation but has almost no change in teavec
precipitation. This means that in the northern LPB both local themaody and
large-scale dynamic forcings are increased, while in the sguttPB only a large-

scale dynamic forcing increased with the use of new land-cover map.

Red Northern
Blue: Southern

Figure 5.15: Three-month (SON 1998) averaged (a) CNTL and (b) EFT minus CNTL
for surface precipitation (mm ddy Time series of three-month averaged fields of
the difference (EFT minus CNTL) in (c) convective precipitateamd (d) non-
convective precipitation (Units: mm ddy In (c) and (d), the time series is 5-day
running averaged and red (blue) color in (c) and (d) denotes tHeermo(southern)
LPB.
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5.4 Summary and conclusions

In the recent past, the accuracy of numerical weather amdtelipredictions and
simulations has been improved with the help of the satellite-desiwédce informa-
tion. In this chaptera new concepof a land-cover classification, called Ecosystem
Functional Types (EFTs), was introduced in a numerical mesoswalel. EFTs are
patches of the land-surface with similar carbon gain dynaamdsconsist of 64 func-
tional categories of ecosystems. In a first approximatlom physical properties of
each EFT were obtained by overlapping the land cover types and &felthen as-
signing the properties of the given land cover type to the corresgpB&ih. The ef-
fect of this incorporation on model simulations was investigateldeinLad Plata Basin

in South America for spring 1998.

Compared with the existing USGS land-cover dataset, the udee afetv data set
shows substantial changes in surface albedo and roughness lendgh figlich
changes produce alterations in surface fluxes and near-sutfacspaeric variables
resulting in changes in local thermodynamic forcing and lacgeesmoisture flow

patterns.

Through qualitative and quantitative comparisons with observationspiinsl fthat in
general the new approach improves model performance for preompit@td 2-m
temperature simulations both in magnitude and spatial distributionse T@reourag-
ing results indicate the value of the EFT information and the rezegdather/climate

models to incorporate it to increase the accuracy of forecasts and simulations.
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Chapter 6: Impact of Ecosystem Functional Type Chages

on the Climate of the La Plata Basin

6.1 Background

In Chapter 4, we performed ensemble simulations for an exti@mlecbver change
scenario using the WRF system based on a two-way interaetsted grid. However,
the scenario was based on the conventional land-cover and land-useartypas-
sumed hypothetically idealized changes of them. In order to umlgtsi@ impact of
historically occurred land-cover changes on the climate of th& bfbdel simula-
tions based on actually occurred land-surface changes areetequirthat sense, the
EFT data, introduced in the previous chapter, can be utilized to reprasee realis-
tically the land-surface changes. The EFT data are compo$ttgpes and avail-
able at 1 year interval, having the advantage of better represelinege surface
ecosystem functions and allowing a shorter and more detailpdnsss to surface
changes. Thus, applications of EFT data to diverse regionakelimeestigations are

encouraged due to the promising results discussed in Chapter 5

In Chapter 5, the EFT dataset was implemented in the WRF moskelnmsyand
showed that its incorporation, in replacement of the traditional US@&Hcover data-
set in a regional climate model, improved the accuracy in disiatulations of 2-m
air temperature and surface precipitation over the LPB. Thiseath&plowing the
results in Chapter 5, aims at exploring the impact of the imeia variability of

land-use and land-cover changes (using EFTs) on the climaie &fPB. For this
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purpose, two numerical simulations consisting of September to Noverhld®88
and 1998 were performed using the EFTs corresponding to each yean, tWo
other simulations for the same periods were performed but integicigathe surface
conditions, i.e., the EFTs. In other words, the spring of 1988 wasdaged with the
EFTs corresponding to 1988 first, and then with the EFTs corresponding to TI®98.
same was done for 1998. The idea was to understand how the surfat®em®adi
fected the interannual variability when the large scale fordihgygh the lateral
boundary conditions) remains unchanged. In order to understand the feedbacks be
tween surface conditions and the hydrologic cycle over the LPBmbact of the
EFT changes between 1988 and 1998 on the surface heat fluxes, fee-atmos-
pheric variables, local thermodynamic instabilities, largdesmoisture flux conver-
gence, and lastly surface precipitation is examined. The W&telnand its configu-

ration are the same as in Chapter 5 (see Table 5.1).

6.2 Methodology

Currently, EFT maps are available at 1 year interval for tl¢hern South America
from 1982 to 1999, except for the year 1994 due to satellite faildires.1988 and
1998 spring season periods were chosen for the simulation becauserteepand,
respectively, to low and high “net primary productivity” (low and highuga of
EFTs) over the LPB. Figure 6.1 shows three-month mean precipifatida from
raingauge data during September to November 1988 and 1998. Generakpatte
precipitation distribution are similar to each other with thgdat precipitation lo-
cated in the southeastern part of the LPB. Compared with year 1288, 988 had

an overall increase in precipitation and the maximum precipita¢igiom was some-
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what shifted toward the northeast. The shift leads to a reduntirecipitation over

the southern LPB and enhances precipitation in the northern LPB.

Figure 6.1: Three-month average observed precipitation for spring (SON) (a) 1988
and (b) 1998 (Unit: mm day.

The two periods also showed very different characteristics imakpastribution and
the magnitude of EFT productivities. Figure 6.2 shows the EFT rfoaghe two
years over coarse and fine model grids. Orange colored regionshigéar carbon
productivity by vegetation, while dark brown colored regions mean loadon pro-
ductivity. The Andes Mountain ranges exhibit very little changdsFTs, while the
LPB presents dramatic changes in the EFTs. The year 1998 hadrah loigher
productivity than the year 1988, and this implies that more vigorous mgefaof
mass and energy existed in 1998. Hereafter, the EFT conditions imi98®98 are

called “LowEFT” and “HIghEFT”, respectively.
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Figure 6.2: Ecosystem functional type data used for the coarse (uppédrjhe fine
(bottom) model grids. Left (right) panels are for year 1988 @PB8 EFT). Orange
(dark brown) colored regions denote higher (lower) carbon productivity of vegetation.

Based on Figs. 6.1 and 6.2, pairs of simulations were carried outefaersber-
November 1988 (a dry year) and 1998 (a wet year). Within a giveropa member
employed LOWEFT as the surface boundary condition, while the otheHigleHFT.

This experimental design permits us to examine the generattirop&FT changes
on the climate of the LPB, that is, how simulation results usiegtical lateral
boundary conditions (large scale forcing) for each year wouldffeeted by using

different land surface forcings.
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6.3 Results

6.3.1 Changes in surface physical properties and surface energy balance

Figure 6.3 shows the surface albedo and roughness length tieldsWwEFT and the
difference (HIghEFT minus LowEFT) over the LPB. Figures 6.3agvghat in case
of LoWEFT, the central eastern LPB has relatively smallaseralbedo (< 15%) and
large roughness length (> 35 cm). Compared with LowEFT, the Higligld gen-
erally has smaller surface albedo (Fig. 6.3c) and largerceuréaighness length (Fig.
6.3d) over the LPB. In particular, the southern LPB below 27 S (Uyuguod its
neighbor regions) has the largest decrease in albedo and & laggease in rough-

ness length (Figs. 6.3c,d).

Figure 6.4 illustrates the model-simulated 3-month averaged dicyol& of the sur-
face energy balance over the LPB for 1988 and 1998. The simulatadesarfergy
budget over the LPB in spring 1988 and 1998 shows that the sensibfeukestan
important energy component, and the latent and the ground heat fluxaspao®i-
mately two times smaller than the sensible heat flux (Bigs,b). Figure 6.4b shows
that the latent (sensible) heat flux is larger (smallerd998, and this is because the

year 1998 was a wetter year.

Figures 6.4c,d show that the EFT changes on average increasdeskeaat, latent
heat, ground heat and net radiation fluxes over the LPB for bothndryvat years.
This is consistent with Beltran-Przekurat et al. (2010) which stidiet for land-use
and land-cover change scenarios, the surface energy fluxesemapdrature changes

remained in general the same in two contrasting ENSG.yeEne increase in sensi-
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ble heat fluxes due to the EFT changes is mainly assocstiedhe decreased sur-

face albedo as shown in Fig. 6.3c.

Figure 6.3: (a) Albedo (%) and (b) roughness length (cm) fields corresponding to
year 1988 EFT condition (LowEFT), and their differences from year 199B E
(HIghEFT) for (c) albedo and (d) roughness length.
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Figure 6.4: Three-month (SON 1988 and 1998) mean diurnal cycle of surface fluxes
(W m®) averaged over La Plata Basin. Solid and dotted lines denote LoetFT
HighEFT, respectively, for (a) year 1988 and (b) year 1998. (c) arsh¢dy the dif-
ferences HiIghEFT — LowEFT. Black: Net radiation; Red: Twbulsensible heat
flux; Green: Turbulent latent heat flux; Blue: Conductive ground heat flux.

However, Figs. 6.4c,d also illustrate that the EFT changes hdeeedif effects on
partitioning of net radiation into sensible and latent heat fluxes.1888, the major
impact of using higher EFT is to increase sensible heat flixggor 1998 the main
effect of using higher EFT is to increase latent heat fluXéss indicates that the im-
pact of EFT increase over the LPB is working toward incngasensible heat fluxes

in a dry year, and latent heat fluxes in a wet year.
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6.3.2 Changes in near-surface variables

The horizontal distributions of sensible and latent heat fluxes ibRBeplay impor-

tant roles in determining near-surface temperature and humidigureF6.5 shows
the three-month averaged 2-m temperature (°C) fields for 19881888 using

LowEFT, and their differences from using HIighEFT. The spatiatlignt of near-
surface temperature is similar between the two years anmahedifference occurs
over the northern LPB, where year 1998 shows colder spring temgetiadur 1988
(Figs. 6.5a,b). Figures 6.5c,d show that in general EFT changeshevePB in-

crease near-surface temperature for both 1988 and 1998. Thistly dekated with

the increased sensible heat fluxes by the reduced surfac® abeshown in Figs.
6.4c,d. The largest temperature increase is mainly located aravaguBRy and Uru-
guay reaching +0.6 to +0.8°C. There are weak cooling regionsheeaoithwestern
boundary of the LPB and west of Uruguay. The two numbers in the bptoeis

denote mean and standard deviation of corresponding fields. Thecstatidicate

that the net impact of EFT changes on the near-surface tempeoaer the LPB is

positive and the corresponding variability is somewhat larger in a dry year.

Figure 6.6 presents the three-month averaged 2-m water vapor makmdields (g

kg?) for 1988 and 1998 using LowEFT, and their differences from using HIBhEF
can be seen that year 1998 has larger 2-m humidity over Par@ggsy6.6a,b). The
maximum increase region lies in the western LPB for both 1988 and 1988.

maximum decrease region is in the northeastern LPB for 1988, inuhis southeast-
ern LPB for 1998 (Figs. 6.6c,d). In general, the net impact of EFigelsaon the
near-surface humidity is positive and the corresponding varialslitygger in a wet

year.
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Figure 6.5: Three-month averaged 2-m temperature (°C) fields fodl 888 and (b)
1998 using LowEFT, and their differences from using HIghEFT fod 988 and (d)
1998. The two numbers in the bottom panels are bias (upper) and standatidrdevia
(lower).
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Figure 6.6: Same as Fig. 6.5 but for 2-m water vapor mixing ratio (kg

Figure 6.7 shows the three-month averaged 10-m wind fields for 198888dusing
LowEFT and, their differences from using HiIghEFT. Both year$9®8 and 1998
have larger wind speed in the eastern LPB and easterly compoineist are domi-
nant (Figs. 6.7a,b). For the year 1988, EFT changes produce overadisgscre the
10-m wind speed (Fig. 6.7c). Such decreases are also seen featH998, but the

maximum values appear at different locations (Figs. 6.7c,d). pomes to the EFT
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changes, northwesterly wind anomalies over Paraguay and wesiedyanomalies
over the southern Brazil are produced for the dry year (Fig. 6.7chobtnerly wind
anomalies over Paraguay are formed for the wet year (Fig. 6THd.net impact of
EFT changes on the near-surface wind is negative and thepmrdesg variability is

bigger in a dry year.

Figure 6.7: Same as Fig. 6.5 but for 10-m wind vector and wind speedYm s
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6.3.3 Changes in local thermodynamic forcing

The changes in the surface fluxes and surface energy baemexpected to influ-
ence atmospheric instabilities in the vertical. The convectradadle potential en-
ergy (CAPE) and convective inhibition (CIN) are useful tools doalyzing local
thermodynamic processes that contribute to the development of @eoipit The
CAPE (CIN) is the amount of positively (negatively) buoyant epémgthe vertical
sounding of temperature, and both are defined as positive signs ohépter. The
CAPE (CIN) can be understood as a thermodynamic forcingtédrily (inhibiting)
local convection and precipitation (Bluestein 1993; Barlow et al. 1998)sinTplify
the analysis, the maximum values from the vertical profil€SARPE and CIN at hori-

zontal grid points were used and named as MCAPE and MCIN, respectively.

Figure 6.8 shows the three-month averaged MCAPE over the LPB f8rat@B81998
using LowEFT, and their differences from using HighEFT. The tvarsy@988 and
1998 have comparatively large MCAPE over Paraguay for the given lsanwteFT
condition (Figs. 6.8a,b). Given the EFT changes, year 1988 shows sagalituale
of MCAPE changes and the signal is weak (Fig. 6.8¢c). Compathdyear 1988,
EFT changes in the LPB give rise to more striking modificatinfdCAPE field for
year 1998 (Fig. 6.8d). For year 1998, the largest increase in MCARIEsaaver the
northern Paraguay, and the biggest decrease in the southernsp@Bially between
Paraguay and Uruguay (Fig. 6.8d). The MCAPE difference fi¢lds. 6.8c,d) due
to EFT changes are associated with the 2-m water vapangmaiio fields in Fig. 6.6.
Regions of the maximum increase (decrease) in MCAPE tewdrtespond to re-
gions of the maximum increase (decrease) in 2-m water vajporg ratio especially

for 1998. All these indicate that the net impact of EFT increasgtmospheric insta-
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bilities is positive and the corresponding variability is much larger intyea.

Figure 6.8: Same as Fig. 6.5 but for maximum CAPE (Jkg
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Figure 6.9 shows the three-month averaged MCIN over the LPB f& 4:98 1998
using LowEFT, and their differences from using HighEFT. The tvarsy@988 and
1998 have comparatively large MCIN around Paraguay for the given lsanwieFT
condition, but year 1998 has larger values of MCIN around the northeaguar
(Figs. 6.9a,b). Compared with MCAPE (Figs. 6.8c,d), the differeredd {Figs.
6.9¢,d) of MCIN has less organized structure, and shows some rpadeas for the
two years, for example, over the northwestern and the southepattsof the basin.
It should be noted from Figs. 6.8c,d and 6.9c,d that the northwestern LRBdws-
able condition for local convective precipitation due to the increasedRE and the
decreased MCIN. The net impact of higher EFTs on the MCpésgive for both a
dry year and a wet year, and the variability of MCIN corresponding to thek&nge
is almost the same between a dry year and a wet yag. @-Bc,d). The effect of
EFT changes on the MCIN field does not show much dependency on the two contrast-
ing years (Figs. 6.9c,d), and this is contrasted with MCAPE .(Fdx,d) which
shows highly different features between a dry year and a @&t yTherefore, it is
expected that the MCAPE field would play a practical role irrd@ning the local

convective precipitation.

6.3.4 Changes in large-scale horizontal moisture flows

We cannot say that the change in precipitation over the LPB @ntlieconsequence
of changes in the MCAPE and MCIN fields. The change in the suffaxes and
near-surface atmospheric variables can affect not only lodabihses, but also re-

gional moisture flows by modifying surrounding atmospheric circulations.
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Figure 6.9: Same as Fig. 6.5 but for maximum CIN (J'kg

In fact, a major reason for variability in precipitation over LPB is mogstransported
from Amazon basin by Low-Level Jets (LLJs). Figure 6.10 pregsaetfiorizontal
moisture flux, vertically integrated from 1000 hPa to 300 hPa, for 1988 andu$998
ing LowEFT, and their differences from using HIghEFT. The conver
gence/divergence of the moisture fluxes is shaded using the caleras¢he right of
the figure. The changes in moisture flux and its convergencegdivee over LPB

are related with the increased near-surface wind due to doeti@n in roughness
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length, as shown in Figs. 6.3d and 6.7c,d. Figures 6.10a,b illustrate tHenoweh
moisture supply to the LPB by the northerly LLJ during the wagassn. A region
of southward low-level moisture flux into the LPB occurs through ttaively low-
altitude lands formed between the Andes Mountain ranges and dadiddr High-
lands. The wet year 1998 has larger moisture transport from theamaitthe region

of largest moisture flux convergence is seen around Paraguay (Fig. 6.10b).

Using higher EFTs over the LPB produces changes in moisture flmiviha associ-
ated convergence/divergence fields. For year 1998, the impact of H&R§es on
moisture flows are more organized and produce an anticyclonic anoe@lgentral
Paraguay (Fig. 6.10d). The net impact of EFT changes on theslzage moisture
transport is almost neutral and the corresponding variabilitygistly larger in a wet
year. On the other hand, Figs. 6.10e,f show moisture fluxes andcctimeergence
vertically integrated from 1000 hPa to 850 hPa. Although the netcingieEFT

changes on the moisture flux convergence and the correspondinglivarig similar

to the one vertically integrated from 1000 hPa to 300 hPa, the intefisipisture
flux convergence is strong since atmospheric humidity is concedtedtlower alti-
tudes. Figures 6.10e,f show that overall effects of EFT changes towietropo-

spheric moisture convergence are increases (decreases)ipitgtien in the north-

western (southern) LPB.
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Figure 6.10: (a)-(d) Same as Fig. 6.5 but for vertically integrated moestiuxes (kg
(m s)Y) and their convergence (mm d3y (e)-(f) Same as (c)-(d) but for moisture
fluxes integrated for lower troposphere from 1000 hPa to 850 hPa.
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6.3.5 Changes in precipitation

As a reasonable approximation, precipitation over the LPB can bestoatkras a
combined product of local thermodynamic effects and larger-sgakendcal effects
discussed in section 6.3.3 and 6.3.4, respectively. Figure 6.11 prdseritgete-
month average precipitation field for 1988 and 1998 using LowEFT, and tHei- dif
ences from using HIghEFT. Precipitation difference betwkenwo years under the
LowEFT condition is striking, and precipitation increases greatly Baeaguay in the
wet year (Figs. 6.11a,b). Such an increase of precipitation avagly is consistent
with the large MCAPE (Fig. 6.8b) and the large moisture flux cagerere (Fig.

6.10b) over Paraguay in the wet year.

Figures 6.11c,d indicate that the net impact of high EFTs on tHeptetapitation is
positive for both years, and the corresponding variability is larganwet year. For a
dry (wet) year, the net increase in precipitation is weakr(g)t Figure 6.11d shows
that due to the high EFTs, precipitation is in general increasednovdrern LPB
above latitude 26 S, but is decreased in southern Paraguay. F&ufesd and
6.11c,d show an overall agreement between total precipitation and Neritite-
grated moisture flux convergence. The regions of precipitationaserélecrease)
are collocated with vertically integrated moisture flux congaog (divergence) for

both dry and wet years.

Figures 6.11e,f are same as Figs. 6.11c,d but for the conveotiygonent of total
precipitation. It can be seen that the net effect of EFT chang#dse convective pre-
cipitation is positive for both dry and wet years, and the correspondigpility is

larger in a wet year. The horizontal distribution of the conveaid total precipita-

tion looks somewhat similar to each other except for the magnitlideeeds to be
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noted that the northern LPB has dominant increases in the convectiptatien for
the wet year (Fig. 6.11f), and this seems to be related witM@®PE field in Fig.

6.8d.

Figure 6.11: (a)-(d) Same as Fig. 6.5 but for total precipitation (mmi‘daye)-(f)
Same as (c)-(d) but for convective component of total precipitation.
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6.3.6 Comparison with observed changes in precipitation and 2-m temperature
Figure 6.12 shows the observed changes in precipitation and 2ertgare from
1988 to 1998. Figure 6.12a shows that precipitation increased over the nbRBern
while precipitation was reduced in the southern LPB. Theomnegf the maximum
increase (decrease) in precipitation is located east of theesouParaguay (around
Uruguay). Figure 6.12b presents that year 1998 had colder near-derfgmrature
over the northern LPB, while it had slightly warmer near-sert@mperature over the
northeastern and southwestern LPB. All these changes betweenai988998
should be attributed not only to land surface changes but also to divessedor
driven by atmosphere, ocean, aerosol, and teleconnection etc. Neasititak clear
that the observed changes in precipitation from 1988 to 1998 ararsimthe simu-
lated changes. For example, the signals of observed changecipitation (Fig.
6.12a) are found in the simulated MCAPE (Fig. 6.8d), vertically iategrmoisture
flux convergence (Figs. 6.10e,f) and convective precipitation fields @FL1f). This
indicates that the effect of EFT changes contributed to the olsereeipitation
fields. EFT changes in a wet year may induce a largeaserof CAPE especially in
the northern LPB, and facilitate the development of Mesoscalwdctive Systems

that are responsible for much of the region’s precipitation.
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Figure 6.12: Observed changes in (a) precipitation (mm™aand (b) 2-m air tem-
perature (°C) from 1988 and 1998.

The observed changes in 2-m temperature (Fig. 6.12b) from 1988 to 1998ikme s
to the simulated fields (Figs. 6.5c,d) over the southern LPB, iedlgearound Uru-
guay. This is explained by the fact that the largest changbe surface albedo and
roughness length occurred mainly in the southern LPB especraliyé Uruguay
(see Figs. 6.3c,d), and thus the effect of EFT changes are corexmtrahose re-
gions. However, the other regions show the opposite featuresenetive simulated
and observed 2-m temperature. This implies that those regiosgr@mngly affected

by other factors than land cover changes.
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6.4 Summary and concluding remarks

The climate of the La Plata Basin in South America is stibpeland-cover and land-
use changes with important consequences for the environment. Two toaytyaars

(a dry year and a wet year) are chosen to investigate t@nnual variability of
land-atmosphere interactions and their effect on regional dimatcording to EFT
maps and their properties over the LPB, the surface albedoowas flor 1998 than
for 1988. The surface roughness length was higher in 1998 than in 198Bis In t
chapter, the Weather Research and Forecast (WRF) modetitggnsgnd Ecosystem
Functional Type data were used to explore the role of varymaydaver conditions
from 1988 to 1998 in the regional climate over the LPB. The Hfahges between
1988 and 1998 are applied to a dry year (1988) and a wet year (1998)tivespec

examine the dependence of the same land surface forcing on the two diféamsnt y

When the 1988 EFT data were replaced with the 1998 EFT data (lnigihprimary
productivity), the simulated spatial patterns of the surfaceé fheees, near-surface
atmospheric variables, and local thermodynamic and larger-glgalamic forcings,
and surface precipitaiton were altered. Table 6.1 summarizesngieet of EFT
changes on all those prognostic variables. It is found that the aingurface and
atmospheric responses to the given EFT changes is biggerynyaat for 2-m tem-
perature and 10-m wind, while is bigger in a wet year for 2atermixing ratio,
convective available potential energy, vertically-integrated tu@sfluxes and pre-
cipitation. This indicates that the impact of land-cover land-bs@ges on the cli-
mate of the LPB is dependent not only on the wetness of the yealsduinamete-

orological or climate variables.
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Table 6.1: The impact of EFT changes (HIghEFT — LowEFT) on the followiag-
ables. The mean values are shown in the table with standard deviation denoted by ( ).

(Basin Averaged) Dry year Wet year

(IC and LBC of (IC and LBC of

1988) 1998)

2-m Temperature () 0.25 (0.56) 0.23 (0.51)
2-m water vapor mixing ratio (g Ky 0.04 (0.24) 0.08 (0.28)
10-m wind speed (m'3 -0.11 (0.20) -0.09 (0.16)
Max. CAPE (J k) 2.69 (8.18) 8.02 (18.92)
Max. CIN (J kg 0.18 (1.97) 0.25 (1.95)
1000-300hPa vertically integrated -0.012 (1.26) 0.001 (1.45)
MFC (mm day’)
1000-850 vertically integrated MFC 0.05 (1.46) -0.06 (1.58)
Precipitation (mm da}) 0.02 (0.52) 0.08 (0.72)
Convective precipitation (mm day 0.003 (0.174) 0.046 (0.276)

According to comparisons with observations, the simulated precipitdiffarence
resulting from EFT changes holds the overall pattern of obsehastyes. The simu-
lated 2-m temperature difference due to EFT changes alseateetibserved changes
over the southern LPB. In particular, over Uruguay in the southern LirBewhe
most significant EFT change occurred, higher EFTs led ta@ease in the 2-m tem-
perature especially for a dry year (Fig. 6.5¢) and an overakasgeiin the spring total
precipitation especially for a wet year (Figs. 6.11d,f). Thimiagreement with pre-
vious modeling studies (e.g., Narisma and Pitman 2003, Marshall et al. P04,
gratz et al. 2006, McAlpine et al. 2007) that indicate decreasgigna precipitation

and increasing temperature due to historical land cover changes.

Therefore, ecosystem functional type changes can provide implantaert boundary
information for model simulations of regional climate, particulasher the LPB, and
it is highly desirable that they are monitored on a regular basis. Htemnslbetween

EFTs and climate deserve further exploration both for climateeantbgy studies,
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and the results could be used for a guided land-use planning ancffi@ent land-

surface management policy.
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Chapter 7: Summary

7.1 Regional climate response to land-cover/land-use change over the Plata

Basin

During the last few decades, deforestation and replacementuoéinaastures by ag-
riculture have become a common practice in the La Platah Bassouth America.
The changes in vegetation may produce changes in physical properties likeabe surf
albedo, the surface roughness length, evapotranspiration, infiltration, &erdstea-
age eventually affecting the development of precipitation and ultiyndiel hydro-

climate of the basin.

To study the role of changing land cover conditions in the La Blasin, the Weather
Research and Forecast (WRF) modeling system was employesemBles of sea-
sonal simulations were prepared for a control case and two extreme landaayvar-

ios: the first one assumes an expansion of the agriculturaltestiaind the second
one assumes a “natural” vegetation cover where no croplands aentpreThese
highly idealized scenarios have the purpose of helping understand ttigdot
changes to physical mechanisms before attempting simulatidghsnwaire realistic

conditions. In order to examine the changes to the mechanisnisdihe¢ precipita-
tion, the land-atmosphere interactions were examined, as whkiasole in modify-

ing the boundary layer, the convective instability, the low level im@sfluxes, and

lastly, precipitation.

An extreme anthropogenic land-cover change -simulating an exteagicultural
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practice- implies that the northern part of the basin, where opleeplace forests
and savanna, would experience an overall increase in albedo and redtassl fsior

tion. The two changes lead to a reduction of sensible heat fluguafate tempera-
ture, and a somewhat higher evapotranspiration due to decreased stesisti@hce
and stronger near-surface winds. The effect on sensibleliveaeems to dominate
and leads to a reduction in convective instability. The strongelel®l winds due to
reduced friction also imply a larger amount of moisture advectedfdbé basin, and
thus resulting in reduced moisture flux convergence (MFC) withibalsen. The two
effects, increased stability and reduced MFC, result in a reduofi precipitation.

On the other hand, the southern part of the basin exhibits the oppdsatgadoecas

crops would replace grasslands, resulting in reduced albedo, aistighdse of sur-
face temperature and increased precipitation. Notably, the rassilt®t strictly local,
as advective processes tend to modify the circulation and prdoipipatterns down-
stream over the South Atlantic Ocean, and even a potential linkagedn the basin

and the tropical regions is implied.

7.2 Usefulness of newly developed Ecosystem Functional Typed=(E) in a

mesoscale regional climate model

Accurate specification of the land surface state is imponmantmerical weather and
climate prediction and simulation studies. For that purpose, rederisdiave fo-
cused upon using satellite-based land cover data in the numericabrtwdabstitute
for the existing ground-based land cover data which are estimgtedniulti-year
climatology. Those efforts were realized in state-of-thexvamerical models like the

fifth-generation Pennsylvania State University-National CerderAtmospheric Re-
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search (PSU-NCAR) Mesoscale Model (MM5) and the Weather asddrch Fore-

casting (WRF) model.

However, both ground-based and satellite-derived datasets age aidand-cover
classification dictated by “structural” attributes of vegieta and are insensitive to
rapid and complex environmental changes. In this study, a new conckgrtdef
surface state representation which is based on “functionabidaés of ecosystems,
was introduced and the new land cover classification (Ecosystemidaaictype)

dataset was successfully incorporated in the WRF Model.

In order to explore the usefulness of the EFT data in simulatbearface and at-
mospheric variables, numerical simulations of the WRF Model, usingtbeth.S.
Geological Survey (USGS) and the EFT data, are conducted for tinal apsing of
1998 and are compared with observations. Results show that use of tdat&km-
proves the climate simulation of 2-m temperature and precipitatighying the need
for this type of information to be included in numerical climatasis. In particular,
with the use of EFT data in replacement of USGS data, the soufRBrihad an in-
crease in large-scale MFC, while the northern LPB had ineseasboth CAPE and
large-scale MFC. These two effects produced overall enhanterh@recipitation
over the LPB and led to a substantial reduction in precipitation teaspartially cor-

rected the lack of model precipitation.

7.3 Impact of variable EFTs on the climate of the La Plata Basin

The Ecosystem Functional Types (EFTSs) is a newly devisetidaver classification
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to characterize the spatial and inter-annual variability daearvegetation dynamics.
It is composed of 64 functional attributes of vegetation descritsngnergy and gas
exchange with the atmosphere, and provides more detailed informatiorcen asph

time compared with the existing satellite-derived land-cover claasdic

During the last few decades, the La Plata Basin (LPB) in Sooriéa has shown a
large spatial and interannual variability of the EFTs. Thoseati@ms mean that
changes in the surface physical parameters, such as albedo d@mtkessulgngth, have
occurred over the basin due to natural and anthropogenic activities, igimdhawve

contributed to the regional climate variability and change.

In this study, the effect of EFT changes on the climate of B ik investigated us-
ing the Weather and Research Forecasting (WRF) model configarad30/10-km
two-way interactive nested grid. Four simulations are chwig consisting of Sep-
tember to November experiments for two contrasting years of 1988 and T9@8.
influence of an EFT change applied in 1988 and in 1998 on the surfacé&ukesf -
m temperature and humidity, 10-m winds, convective instabilities age-trale
moisture fluxes and precipitation are explored for 1988 (a dry pear)1998 (a wet

year).

Results show that the response of surface and atmospheric diintagegiven same
EFT changes is larger in a dry year for 2-m temperande10-m wind, while is lar-
ger in a wet year for 2-m water vapor mixing ratio, convedcwalable potential en-
ergy, vertically-integrated moisture fluxes and surface ptatipn. This indicates
that the impact of land-cover and land-use changes on thetelohéhe LPB is de-

pendent not only on the wetness of the year, but also on the meteorotogitalate
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variables.

Comparisons with observations show that the simulated precipitati@neditie in-
duced by EFT changes produces the overall pattern of observed piiecigtetnges
over the LPB. The results suggest that LULC changes over tBeca® partly ex-
plain and contributed the increasing trend of observed precipitatiohe bate of the
2-m temperature, the simulated difference due to EFT chasgasiilar to the ob-
served change in the eastern part and the southern part of ithéelspscially in Uru-

guay), where the strongest EFT changes occurred.
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Appendix A. Use of a Mixed-Physics Ensemble for Rempal

Climate Simulations over South America

A.1 Introduction

In general, ensemble methods are more useful in short-randediarea and me-
dium-range (or longer-term) global simulations and predictions, caupeth a sin-
gle realization using a single model. A mixed physics ense(i#&) is one of the
approaches for constructing regional climate model ensembles.tefi simulations
shown in Chapter 3 can be utilized as a MPE over South Americagbé=3.1). In
this Appendix, | intended (1) to estimate the variability of satiah performance
resulted from use of different model physics combinations, and (ydmate the

performance of ensemble mean and the characteristics of ensemble gbisad fi

A.2 Method

| made two kinds of MPEs using different model parameterizegahremes in the
WREF limited area model. The first type is an all-physics MPE at#ferent surface
layer, boundary layer, cumulus, and microphysics schemes wer¢EXsed to 10 in
Table 3.1). The second type is a cumulus-physics MPE which is cethpb®nly
four different cumulus parameterizations (EXP3, 4, 7 and 8 in Table 3nigrest
model variables are precipitation and 2-m temperature, and thesktRitations were
conducted with a single model domain covering South America fqrethed of Sep-

tember 2002, an austral spring season.
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A.3 Results and discussion

Figure A.1b represents the ensemble-mean field of precipitatiote #igi. A.1c ex-
hibits the field of ensemble standard deviation. At each grid-poingvitiage of the
ensembles is calculated, and the standard deviation of the enseembbers around
this average. In general, the ensemble mean field shows a goethagtevith satel-
lite observation in terms of precipitation location (Figs. A.1a,byuié@ 1b shows that
the locations of the main precipitation signal were capturedweliyby the ensemble
mean in the model domain. Those include northwestern region, soathebBB,
South Atlantic Convergence Zone, east and west seas of Southern ScerilcaAm
However, the intensity of the precipitation was underestimatetbst regions, which
include the central Brazil and a part of the ITCZ on the efgte South America
continent. Such underestimation is a common deficit that most of rawdelations
have shown in this region until now, as mentioned in Chapter 3. On thehatir
the precipitation intensity was overestimated especially atbagAndes mountain

range.

The ensemble spread in Fig. A.1c measures the differences betveemembers in
the ensemble simulation. Small spread indicates low simulaticrtamty, and large
spread high simulation uncertainty. Figure A.1c shows that sionlatcertainties
in LPB region were quite low compared with lower latitude regiovisgere atmos-
pheric predictability was low. Within LPB, area of large utaiaties was located in
southeastern area where the maximum precipitation in LPB occurftexte standard
deviations indicate that the precipitation over eastern South P@wBan is simu-

lated quite consistently among the ensemble members (ensenmdardtdeviations
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less than 1 mm d&y, and the precipitation in the ITCZ and northwestern South
America, where large gradients are simulated, are sonidedm certain (ensemble
standard deviations greater than 3 mmlayThe bias (the difference of mean daily-
precipitation and observed precipitation) indicates that the maxioefioiency of
mean daily-precipitation occurs near the south eastern LPB where braadiegteen

forest is located.

Figure A.1: Spatial distribu-
tion of daily precipitation (mm
day?) in South America. (a)
Satellite estimates. (b) Ensem-
ble mean. (c) Ensemble spread
(standard deviation).
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Figure A.2 shows that precipitation simulation performance ig sensitive to the
choice of model physics in the WRF. The ensemble spread obtainesinigydiffer-

ent moist physics schemes had as large magnitude as the sptaae&d by using
completely different models, i.e., multi-model ensembles (MMH%)is supports the
possibility that a mixed-physics ensemble approach could be catsidera proxy
for a MME (Arritt et al. 2004). The convective and grid-scalecymitation were
similar in terms of accumulated rainfall amounts, and this iteschat importance of

both large-scale flow and local forcing are important for precipitation snrégion.

Both EXP 1 and 2 exhibit different behaviors from the other etggrbers in accu-
mulated non-convective precipitation (Fig. A.2b). This implies thatvW&/ $nicro-
physics should be avoided for numerical simulation of grid-scalepptegmon in this
region. On the other hand, EXP 2, 5, 6, 7, and 8 can be put togethemunmuéted
convective precipitation (Fig. A.2c), as the first group, and the dtreemembers as
the second group. Because all of the second group members udélisetizme for
a cumulus parameterization, this shows the best performance BMheacheme for

numerical simulation of convective-scale precipitation in this region.
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Figure A.3 contains information on the simulated amount of total adetbed pre-
cipitation in South America according to the choice of model phydidas clear that
all model simulations produced smaller precipitation than observede obshe

NOAH LSM (a thermal diffusion scheme) decreased (incregsed)pitation amount
(EXP3 and 8). The MOJ-MYJ surface and boundary layer scheneagex precipi-
tation amount compared to the MO-YSU scheme (EXP 5 and 10; EXP ®.afldhe

BMJ cumulus scheme was superior to the GD scheme, which was theit the KF
scheme (EXP 1 and 2; EXP 4, 7 and 8). The WSM6 microphysics schemased

precipitation amount compared to the WSM3, WSM5 and Ferrier schgxés 1
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and 5; EXP 4, 9 and 10). Results show very high sensitivityetatthice of cumulus

scheme (EXP 4, 7 and 8) and small sensitivity to microphysicsso, &igure A.3

shows that the cumulus-physics ensemble outperformed the all-pbysiesble by

increasing accumulated precipitation in LPB with model integmatime. This sug-

gests that the mixed-physics ensemble using different cumoihygction schemes is

a more efficient method in this region.
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90 1

601

301
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Figure A.3: Same as Fig. A.2 except for comparison of all-physics ensamdda
(long dashed black line) and cumulus-physics ensemble mean (tdted line).
Gray lines with open circles denote observed precipitation.
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Figure A.4: Spatial distribu-
tion of (a) observation, (b) en-
semble mean and (c) ensemble
spread for 2-m air temperature

()

Figure A.4 shows that the central South America region includindperort_PB re-
gion has much uncertainty in 2-m air temperature simulafidns means that region
has the largest difference among the ensemble members. Algmreson of ensem-
ble spread distribution for 2-m air temperature (Fig. A.4b) witltipration (Fig.
A.lc) shows that there is difference in locations of maximum waioéds between
those two variables. In other words, the maximum uncertainty am@asnot collo-
cated. This indicates dependency of the ensemble spread on vanathiesstudy

area.
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A.4 Summary

A mixed physics ensemble was setup using 10 different physicapgerizations
listed in Table 3.1, and applied to ensemble simulations of spring 2005 ou#r
America. First, compared with the observed precipitation for Sdé@ef002, en-
semble mean precipitation captures well the occurrence of hmaeipitation in the
LPB, but the spatial coverage of precipitation is small witbmaer maximum value.
Despite excessive precipitation along the Andes mountain rangeyéall skill of
ensemble mean was satisfactory. The MPE comprised of omiylas schemes
showed better skill than the one composed of all the 10 schemes. Sétohatjen
uncertainties in LPB region were quite low compared with lowéutke regions, and
an area of large uncertainties within the LPB was locatedutheastern area where
broadleaf evergreen forest is located. Third, the region of theskaensemble spread
showed distinct differences between precipitation and 2-m tetnpenzariables, and

this indicates that model simulation uncertainties rely on variable types.
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Appendix B. Statistical Significance for Results irChapter 4

In order to test the equality of the two ensemble means, a hyjsotbsting was con-
ducted. It is noted that two-tailed tests are more stringentdhe-tailed tests (e.g.,
Figs. 16-18 in Pielke et al. 2001). In Chapter 4, a two-tailed stasstic for the dif-

ference of CNTL and CROP was calculated using the following formulae:

zo=(Ma— M)/ (Sny + SPny)

where n =, = 4 = the number of the ensemble members;

n=mn+m-1=7=the degree of freedom (t-distribution Table A3 in Wilks (2006));
Ci = 3-month averaged field of an ensemble membereutientland-cover data;

F = 3-month averaged field of an ensemble memberfwithie land-cover data;

M = the ensemble mean (M ( C)/mand M»=( F)/mfori=1, 2, 3, 4); and

S = the ensemble standard deviation{S[{ (Ci-M1)%} / n,] and

S2= [ (F-M2)%}/ngfori=1, 2,3, 4).

It is assumed that the ensemble members are independent on each other and not paired.
The null hypothesis is that there is no statistically sigaift difference between

CNTL and CROP.

Figure B.1 shows the results of a t-test for the 3-month averaged 2-m tempéFe.
4.8b), 10-m wind (Fig. 4.9d) and surface precipitation (Fig. 4.14d). Shadekeare
grid cells that are statistically significant at a chiokel. Figure B.1a shows that the

comparatively strong cooling in the northern LPB is a statltisnificant signal at
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the 99% level of confidence. This means that if 100 tests are cdedduhe true
mean accuracy of the system will be located within the dente interval band iat
least99 out of the 100 tests. The relatively weak warming the southern LPB is almost
not statically significant at the same level. These resulpdy that the human land-
cover modification in the LPB can counteract with the global wagremvironment.

In particular, the Region Il and the southern Paraguay, where evetgeealleaf for-

est is assumed to be converted to dry cropland and pasture, would besigant to

the global warming trend. On the other hand, Fig. B.1b showshnd0-m wind re-
duction over the three land cover conversion regions is also aicadliissignificant
signal. The null hypothesis is rejected at the 1% levdigiificance over all the

land-cover conversion regions, i.e. Region I, Il and 111

Figure B.1c show that the reduced (increased) precipitation incttkeern (southern)
LPB is supported by statistical significance. However, thigsstal significance is
somewhat low compared with 2-m temperature and 10-m wind. Thibecattrib-
uted to the fact that, in general, precipitation does not necgskdliw Gaussian
probability distributions. Nevertheless, statistical signifeganf the change in sur-
face precipitation due to land cover conversion is over 90%, whichssieebe quite
acceptable level. While the impact of the land cover chandeihRB on the near-
surface temperature is mainly limited within the LPB, th@aot of the land cover
change in the LPB on the precipitation is not restricted in tleeiontLPB, and is far
beyond the basin. The large statistical significancesrist only over the South At-

lantic Ocean (Fig. B.1c), but also near the equator, as indicated by ‘T".iA.ERp.

138



(a) t—test T2 CROP—CNTL SON 2002
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Figure B.1: Statistical significance for difference between the twseenble means,
CNTL and CROP, of (a) 2-m temperature (°C), (b) 10-m winddsgees"), (c) con-

vective precipitation (0.1 mm), (d) total precipitation (0.1 mm), ahtbfal precipita-

tion (0.1 mm) in a larger domain. Shaded are the grid cells ibaignificant at 90,
95 and 99% levels of confidence.
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(e) t—test PRCP CROP—CNTL SON 2002
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Figure B.1: (Continued.)

Figures B.2 and B.3 show time series of all ensemble membedrdifierences be-
tween the two ensemble averages for simulated 2-m tempera@rar(d accumu-

lated precipitation (mm), respectively.
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Green: CNTL Red: CROP

Figure B.2: Time series of 2-m temperature (°C) for (a) each enseméieber over
area (58°W-50°W, 27°S-24°S) and (b) difference (CROP — CNTL) iwdan en-
semble averages.
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(a) Spaghetti Diagram of Accu. Precip. (mm)
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(b) Difference in Ensemble Mean Accu. Precip. (mm)
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Figure B.3: Time series of accumulated precipitation (mm) for (a) eattemble
member over area (57°W-50°W, 35°S-30°S) and (b) difference (CRORTL) in
between ensemble averages.
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