BT 5L e o i =
%8 43 3L

Department of Atmospheric Sciences

College of Science
National Taiwan University

Master Thesis

M R AR A A K A% 2 B A

The Relation between Climate and Deforestation in the

Maritime Continent

RAT B
Chu-Chun Chen

16 EHAR O BEME L
Advisor: Min-Hui Lo, Ph.D.

T ERE 106 F 1 A
January 2017

d0i:10.6342/NTU201700636



R 328 K2R 23
DREBTELS

Bt B E E (£3% R03229027) f£ B 3£ K2 XA
BB ERZBEEEn o NER 0 FE [ B (6 BARTFF
ZREBEDRBROREAM 4 BH

oRE 8 -
\% N 2? ()
(35 i?%i#*)
L 3 /) .
a3 A
7 1§ &j? %%/}@/

hEfE TR (&%)




AR
BAWXM TR > B ABRH RN FTHILBHERE > A ZOE AR
25 mESHACIET > RMHMERARGRE - EARMGEE - BRAR

LBE( T Ao REFIIARAEERERFY MM AERL FRERENFR

.
A

FRABEIFR BTRRENEUEAT X -

RR AT AR BT~ PRAEST R ED ~ RAR4E L6 ~ R SAF R R CEE UL R -

LsFH 5 F ROREBRAME R X R RE o A RERHRGEIFLE - 2

R EAEBRBEARENRIFLTHEBRARE  EREETATHER LA

PR - sbsh o BRAGHA UCI Br i RGBT LERHE =3y

BRGH R RO LR e AT S R

EREBRARAETY » BRHRAANITA AL TRRKGED 3%

BARARANGR - B NEERRAARENE LETHHBR IR - HHEEH

FRAPR LR F KRG SRR S BIRET @ o AMPEERAR  AROKRE

BRAARZARE AT UIERE F AR o BSrEM K AR RERNE

B F QB BAE 0 AR R A AR P RR B AL R A SIS T R B 0 R REER

BE L BB CA04 BREMERYWEFMBAZ ARELRARE T ATHEMARIE

BHEEALYBEMIEF > BERUERET RINE o

REZOR > HHROEA - SHRFI BRI RRAERA B AMK

2 o Rt o AL URA AT H BB R A -

it

d0i:10.6342/NTU201700636



HE

BRI E Z AR KRR T ERRE TR LR KR LY > - S %
B BRI AAE o AF AR MR R St X BUEF K E AR A
BEEROBE - BBERBTANRRKR G EBZE R RE LA REARIG o -
Fd oA E B KR LA REFFA UL X 0 T LA B R 3R U A RARE K
ABERRY B KR e B R F R T ARREILE R AFIEE > KL
FEE > HEELZHKAIREE » WG T AMRERZ AR ERY » B Mm%
& EKIE A o dbsh > AMRRERFREFREE S EAEEHIER > FEF KTFH#
B TES  WRAFILTREVEAARA > #—FBE A OB RE -

MR 8 AR TR T 3R AR R b2 5h 0 BE SR AR K K
MitbE o AR KEBE TR AEDE  LAEANELFHOPERABE - &
BERTUGHRRKFFARY KFFELRFNH  HPRRFFERFHENE
BEFTFCRR > MBRTRPFFELES  HEROAALBAXE S EERENG
HEEZROTREHET > EBRZELFLERETA > ANRKEFGE L &
BRRARKFHFERFHGEBN AN ARS O KERZ - BXFARALME S KR K
RBFAROLZERFHOBRE  ARBETE R ELFHOBATRILE ERL

SRR ER > SLEIURA BN BB B IFHMK KA -

SR 1 RBE « AR ~ AR AR K BRF

il

d0i:10.6342/NTU201700636



Abstract

Deforestation in tropical regions would lead to changes in local energy and

moisture budget, resulting in further impacts on regional and global climate. Previous

studies have indicated that the reduction of evapotranspiration dominates the influence

of tropical deforestation, which causes a warmer and drier climate locally. Most studies

agree that the deforestation leads to an increase in temperature and decline in

precipitation over the deforested area. However, unlike Amazon or Africa, Maritime

Continent consists of islands surrounded by oceans so the drying effects found in

Amazon or Africa may not be the case in Maritime Continent. Thus, our objective is to

investigate the local and remote climate responses to deforestation in such unique

region. We conduct deforestation experiments using NCAR Community Earth System

Model (CESM) and through converting the tropical rainforest into grassland. The results

show that deforestation in Maritime Continent leads to an increase in both temperature

and precipitation. Moisture budget analysis indicates that the increase in precipitation is

associated with the vertically integrated vertical moisture advection, especially the

dynamic component (changes in convection). In addition, through moist static energy

(MSE) budget analysis, we find the atmosphere among deforested areas become

unstable owing to the combined effects of higher specific humidity and temperature in

the mid-level. This instability will induce anomalous ascending motion, which could

v
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enhance the low-level moisture convergence, providing water vapor from the

surrounding warm ocean. Besides the increased precipitation, the enhanced ascending

motion over Maritime Continent may participate in the changes in Pacific Walker

circulation, producing possible remote climate impacts beyond the tropics.

The deforestation in Maritime Continent not only changes the vegetation types and

the local climate, but also accompanies the slash-and-burn agricultural fire. Fire activity

in Indonesia is strongly linked with El Nifio events, whose sea surface temperature (SST)

patterns can weaken the Walker circulation leading to a drought condition in the region.

Here we show via case analyses and idealized climate model simulations that it is the

central location of the SST anomalies associated with El Nifo, rather than its intensity,

that is mostly linked with the fire occurrence. During our study period of 1997-2015,

Eastern Pacific (EP) El Nifo events produced the largest fire events in southern Borneo

(i.e., in 1997, 2006, and 2015), while Central Pacific (CP) El Nifio events consistently

produced minor fire events. The EP El Nifio is found to be more capable than the CP El

Nifio of weakening the Walker circulation that acts to prolong Borneo’s drought

condition from September to October. The extended dry conditions in October

potentially increase the occurrence of fires during EP El Nifio years. The 2015 fire event

owes its occurrence to the location of the 2015 El Nifio but not necessarily its “Godzilla”

intensity in affecting the fire episodes over southern Borneo. Projecting the location of
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El Nifio events might be more important than projecting their strength for fire

management in southern Borneo.

Keywords: Maritime Continent, tropical rainforest, deforestation, fire, El Nifio
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Chapter 1 Introduction

1.1 Tropical rainforest and deforestation

Tropical rainforest plays an important role in both water cycle and land surface
energy budget since it is the interface between land and atmosphere. Rainforest trees
could act as a water pump, extracting water from the soil into the atmosphere through
canopy transpiration (Aragdo, 2012). The forest leaves could intercept part of
precipitation, and then this interception will evaporate back to the atmosphere without
reaching the ground, which is called canopy evaporation. The other part of evaporation
that comes from throughfall, canopy drip, and precipitation directly reaching the soil is
called ground evaporation. These three processes viewed together are called
evapotranspiration (ET) and the latent heat fluxes, which are crucial for the water cycle
and energy cycle in the rainforest regions.

Part of this evapotranspiration will become the precipitation falling within the
same region, which is called recycled precipitation (Eltahir and Bras, 1996; van der Ent
et al., 2010). The rest of precipitation originates from the moisture transported from
other regions through atmospheric transport. The ratio of recycled precipitation to total
precipitation is called precipitation recycling ratio. Previous studies have estimated the

recycled precipitation could account for 25~56% in the Amazon basin (Molion, 1975;
1
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Brubaker et al., 1993; Eltahir and Bras, 1994). However, since the recycling ratio

depends on the spatial scale and shape of the selected region, it is difficult to compare

and integrate these previous estimations. Also, the aforementioned processes and the

precipitation recycling ratio may change under recent deforestation in the tropics.

Anthropogenic land use and land cover change, including the deforestation, could

have substantial effects on the local and remote climate. For instance, deforestation

could directly alter the partitioning of local surface energy and hydrology budget, and

might indirectly change the recycling ratio, and thus, the precipitation. The uncertainty

of these climate impacts still exists owing to the complex land-atmosphere interactions.

Therefore, the aim of this study is to decipher the local and remote effects of

deforestation on climate and have a better understanding of the ongoing climate change.

1.2 Local and remote responses to deforestation

Rainforest trees have larger leaf and stem area for evapotranspiration, lower albedo,

and taller tree height compared with other vegetation types. As a result, converting

rainforest into the bare ground or grassland will lead to three major impacts: the

reduction of evapotranspiration, the increase in surface albedo, and the decrease in

surface roughness. The reduction of evapotranspiration will consequently decrease the

latent heat flux, thus induce a warming effect on the surface. Besides, the decrease in
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roughness reduces the aerodynamic exchange between the surface and the above

atmosphere. Even though the enhanced wind speed might mitigate this effect, the net

effect will cause the decrease in evapotranspiration (Maloney, 1998). These two

nonradiative processes contribute to the changes in both water and energy budgets,

causing a positive temperature response. On the contrary, the radiative process, the

increase in surface albedo, will reduce the net incoming radiation and therefore cause a

cooling effect. Previous studies have indicated that the nonradiative processes are

stronger in the tropics and thus the net response to tropical deforestation is warming,

whereas the radiative process plays a more important role in temperate and boreal zones,

deforestation in these regions causing a net effect of cooling (Davin and de

Noblet-Ducoudré, 2010; Malyshev et al., 2015).

The indirect effects caused by deforestation, such as changes in precipitation, are

more complex and have more uncertainty than the direct effects. For example, as

mentioned in the previous section, the precipitation recycling ratio is usually high in

tropical rainforest regions. However, we cannot claim that the reduction of

evapotranspiration results in the decrease in precipitation unless both the precipitation

recycling ratio and the atmospheric moisture transport remain the same before and after

the deforestation. In fact, the reduction of evapotranspiration may influence both the

atmospheric water vapor transport and the precipitation recycling ratio owing to the
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circulation change. This might be one of the reasons that the variation still exist among

the studies about the precipitation responses to the tropical deforestation (e.g., Sud et al.,

1996; Negri et al., 2004; Ramos da Sliva et al., 2008; Medvigy et al., 2011).

Previous studies about the tropical deforestation consider different spatial scale and

various locations surrounded with the different environment and mean climate (e.g.,

Polcher and Laval, 1994a; Schneck and Mosbrugger, 2011; Lawrence and Vandecar,

2015; Spracklen and Garcia-Carreras, 2015). Large-scale deforestation (thousands km

scale) uses the numerical climate model to simulate the idealized deforestation scenario,

such as the deforestation throughout the whole tropical rainforest or the complete

deforestation within Amazon basin or Congo basin. Basically, these simulations offer a

general agreement about the local climate impacts that the large-scale tropical

deforestation possibly results in a warmer and drier climate over the deforested region,

especially in the Amazon Basin (e.g., Sud et al., 1996; Voldoire and Royer, 2004;

Avissar and Werth, 2005; Ramos da Silva et al. 2008; Lawrence and Vandecar, 2015;

Lejeune et al., 2015; Spracklen and Garcia-Carreras, 2015). The local temperature

increases because the larger reduction of surface latent heat flux compensates the

smaller decrease in surface net radiation. Meanwhile, the reduction of transpiration

contributes to the decrease in precipitation. On the other hand, there are a few studies

showing the different temperature and precipitation responses in the Congo basin and
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Maritime Continent (Polcher and Laval, 1994a; McGuffie et al., 1995; Zhang et al,

1996a; Findell et al., 2006). These exceptions may result from the different vegetation

types used for deforestation simulations or the deforestation regions are not confined

within the tropical belt. Besides the local climate effects, the results suggest large-scale

deforestation may induce remote effects through large-scale circulation changes (e.g.,

Hadley circulation and/or Walker circulation) and Rossby wave propagation (e.g.,

Henderson-Sellers et al. 1993; Sud et al., 1996; Zhang et al., 1996b; Snyder, 2010,

Lawrence and Vandecar, 2015).

Mesoscale deforestation (from tens to hundreds, up to two thousand km scale)

surrounded by forest or ocean reflects a more realistic deforestation scenario (e.g., Wang

et al., 2000; Roy, 2009; Hanif et al., 2016). Both observation datasets and model

simulations have been used to investigate the impacts of mesoscale deforestation.

Previous studies based on satellite observation and mesoscale model have indicated the

heterogeneous land surface, for example, a “fish-bone” deforestation pattern, could

induce mesoscale circulation under weak synoptic-scale forcing and further enhance the

occurrence of cloudiness and rainfall in western Brazil (Wang et al., 2000; Negri et al.,

2004; Roy, 2009) (Figure 1.1). In addition, the regional model simulation shows an

increase in precipitation at the edge of the forest in Amazon basin (Ramos da Sliva et al.,

2008). Observation datasets also reveal the deforestation tends to increase local
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precipitation in both western Brazil and western Malaysia (Butt et al., 2011; Hanif et al.,

2016). However, when it comes to the Maritime Continent, the islands surrounded by

ocean, some discrepancies emerge. As shown in Table 1.1, most studies indicate that the

deforestation will result in the reduction of precipitation in the Maritime Continent

because of the considerable influence of the decrease in latent heat flux (Mabuchi et al.,

2005a; Mabuchi et al., 2005b; Werth and Avissar, 2005; Mabuchi, 2011; Kumagai et al.,

2013). On the other hand, Schneck and Mosbrugger (2011) show there is enhanced

convection over the surrounding ocean using a fully coupled model, and Delire et al.

(2001) find the increased precipitation over the island by using the model with fixed sea

surface temperature.

1.3 Deforestation in Maritime Continent

Maritime Continent is one of the three major tropical rainforests. Unfortunately,

according to the annual net change in forest area during 1990-2015 (Figure 1.2, from the

United Nations Food and Agriculture Organization), Indonesia and Brazil have the

largest area of forest loss. Moreover, from Landsat satellite data, the forest clear rate in

Indonesia is higher than Brazilian Amazon in recent decade (Margono et al., 2014;

Hasen et al., 2013). We further used enhanced vegetation index (EVI) derived from

MODIS satellite data to verify the deforestation in the Maritime Continent. As expected,
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the EVI trend in the recent decade shows the decline over the Maritime Continent (the

region in brown color in Figure 1.3). However, there are fewer studies about the

influences of deforestation in Maritime Continent compared with those in the Brazilian

Amazon. Since the Maritime Continent is located in the ascending region of the Hadley

cell and Walker circulation, the climate response to deforestation may further influence

other regions through the changes in large-scale circulation. Hence, in this study, we

aim to understand the climate response to the deforestation in the Maritime Continent.

Besides the unique climatic role, there is another special characteristic that the

deforestation in Maritime Continent often accompanies with forest fire as a method of

slash-and-burn agriculture. In the following section, we would further illustrate the

relationship between fire and deforestation in Maritime Continent.

1.4 Fire and two types of El Nifio

Fire in Indonesia is known to be strongly linked with El Nifio events (Field and

Shen, 2008; van der Werf et al., 2008; Field et al., 2009; Reid et al., 2012), and has

critical impacts on the global carbon budget, tropical biodiversity, ecosystem health,

global energy supplies, as well as air quality and human health (Sodhi et al., 2004;

Danielsen et al., 2009; van der Werf et al., 2010; Marlier, 2012). The year of 2015, the

fire situation in this region is exceptionally severe (Voiland, 2015). In fact, 2015 was the
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largest fire year since 1997 (van der Werf, 2015) and surpassed the second largest year

(2006). Often, fires are set for agricultural purposes, legally or illegally, during the dry

season (June to September) in Indonesia (Hendon, 2003). In remote areas, there are few

means to contain the burning except waiting for the onset of the wet season (Page et al.,

2002). During drought years, fire can evade this control and burn a substantial acreage

beyond what was intended of, as in the 2015 fire episode in Indonesian Sumatra and

southern Borneo.

Drought events in Indonesia are strongly associated with El Nifio events that occur

roughly every 2 to 7 years. Coupling of large fire events and El Nifo events is well

known and greatly acknowledged (van der Werf et al., 2008, 2010). Studies across

various tropical and subtropical regions have proved that fire forecast relies at least

partially on seasonal El Nifio forecasts (Chen et al., 2011; Wooster et al., 2012). El Nifio

characteristics vary from event to event and successive El Nifo events are not identical

(Capotondi and Sardeshmukh, 2015). The interannual variability of fire activity is

related to the details of the SST patterns associated with the El Nifio events (Reid et al.,

2012). From the prospect of pre-warning and effective fire management in the region

that has a global impact, it is crucial to be able to identify the key features of the El

Nifio SST patterns that matter to the magnitude of fire activity and to understand the

physical linkages between them.
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Chapter 2 Methodology

2.1 Budget analyses and model setup for Chapter 3
2.1.1 Model setup for deforestation experiment

In this study, we used Community Earth System Model (CESM) to examine the
climatic effects of deforestation in Maritime Continent. We used “F 2000 CAMS”
component set in CESM, which features year 2000 greenhouse gas concentrations and
runs in stand-alone Community Atmosphere Model (CAM) mode with CAMS5 physics
(Neale et al., 2012). The model runs with a horizontal resolution of 1.9°x2.5° and
prescribed climatological sea surface temperatures and sea ice. All the simulations were
run for 30 years while the last 25 years were used for analysis. In the Community Land
Model Version 4 (CLM4.0) (Oleson et al., 2010; Lawrence et al., 2011), the vegetation
types are represented by Plant Functional Type (PFT) (Figure 2.1). Each PFT has its
own properties, such as leaf area index, stem area index, and canopy height, thus the
albedo or evapotranspiration will change between different PFT. In our deforestation
experimental run, the vegetation types of broadleaf evergreen tropical tree and broadleaf
deciduous tropical tree were replaced by warm C4 grass, which will most likely grow
back in the tropical region (Sage et al., 1999), to represent the deforestation (Figure 2.2).

The precipitation in control run roughly agrees with observations, although the values
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are slightly higher over the South China Sea and are underestimated on the west of

Sumatra and within Borneo and Sumatra (Figure 2.3).

2.1.2 Vertically integrated moisture budget
To diagnose the changes in precipitation, we used the vertically integrated moisture

budget equation:

<%>=ET—P—(V-(U(])), (1)

where the g is the specific humidity, ET is evapotranspiration, P is precipitation, v
is horizontal velocity vector. Angle brackets () denote mass integration through the

troposphere:

<x>—1fthd )
_g p' ()

Ds

where g is the acceleration of gravity, p; is the pressure at the tropopause (100 hPa in
this study), and p, is surface pressure. Since the vertical velocity w is near zero at the
surface and tropopause (Tan et al., 2008), the divergence of moisture flux can be

estimated as

V- w0~ (v-Va) + (w5 ), G)

. : . . . . aq\ .
where (v -Vq) is the vertically integrated horizontal moisture advection and <a) £> 18

. : . . . aq\ .
the vertically integrated vertical moisture advection. The long-term averaged <—Z> 18

negligible, so the anomalies for vertically integrated moisture budget equation can be
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written as (Chou and Neelin, 2004; Chou et al., 2006)
aq\’
P'~ET' —(v-V '—( —>, 4
(v-Vq) —(w p (4)
where apostrophe ' represents the differences between control run and deforestation

experimental run. The changes in vertically integrated vertical moisture advection can

be further divided into two components:

oq\"  [_aq\ | ,oq
fo] <)) N

where (7)) is the value from control run and ()’ is the difference between control
run and deforestation experimental run. The first term — <6 Z—Z’> is thermodynamic
component, which is associated with changes in water vapor. The second term
— <a)’ aa_q;> is dynamic component, which is associated with changes in convection.
2.1.3 Moist static energy

To understand mechanisms that induce changes in convection, we analyzed the
vertical profile of moist static energy (MSE) anomalies. MSE is defined as

MSE = CpT + Lqg + gz, (6)

where C, is the specific heat of air at constant pressure and T is the temperature, L is
the latent heat of vaporization, g is the specific humidity, g is the acceleration of
gravity, and z is height.
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2.2 Observation datasets and model setup for Chapter 4

2.2.1 Precipitation

Our rainfall data are from National Oceanic and Atmospheric Administration

(NOAA)’s Precipitation Reconstruction over Land (PREC/L) (Chen et al., 2002). The

product reports monthly average rainfall over land reconstructed from global gauge

station observations. In a parallel analysis, we used a TRMM dataset (TMPA 3B43) (Liu

et al., 2012) for comparison.

2.2.2 Fire activity in Borneo

The European Space Agency’s (ESA) Advanced Along Track Scanning Radiometer

([AJATSR) on board various ESA satellites reported (globally) nighttime surface

thermal anomalies in the 3.8 micrometer mid-infrared channel from 1995 to 2012

(Arino et al., 2012). We used the ATSR World Fire Atlas (WFA) Algorithm 1 as our

primary analysis dataset. We rebinned monthly latitude-longitude records from ATSR to

a 0.5°x0.5° resolution raster file for comparison with the precipitation data. Fire

generally shows a strong diurnal cycle (Giglio, 2007). Therefore, we performed a

parallel analysis using MODIS Terra products (MOD14CMH) (Giglio ef al., 2006) with

an overpass time in the late morning. The result from MODIS Terra is similar to that

from ATSR products, except for a difference in scales for fire pixel count that is
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expected (Arino et al., 2012).

2.2.3 Velocity potential

Monthly velocity potential data were obtained from the National Centers for

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)

reanalysis dataset (Kalnay et al., 1996). The reanalysis product is available as monthly

means with T62 horizontal resolution. We analyzed the temporal evolution and spatial

distribution of the velocity potential on the 0.2582 sigma level (approximately 250 hPa)

over the equatorial Pacific and the Maritime Continent.

2.2.4 Sea surface temperature

We examined variations in sea surface temperature using the Extended

Reconstructed Sea Surface Temperature (ERSST) dataset version 4 derived from the

International Comprehensive Ocean—Atmosphere Dataset (ICOADS) (Huang et al.,

2015; Liu et al., 2015). The product contains monthly mean sea surface temperatures

with a spatial resolution of 2°x2°. As in the analysis performed on the velocity potential,

we analyzed the temporal evolution and spatial distribution of sea surface temperature

over the equatorial Pacific.
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2.2.5 Bootstrap method

We calculated confidence intervals for precipitation mean based on 1000 bootstrap

replicates (Mooney and Duval, 1993). The bootstrap replicate is derived by calculating

the mean of the bootstrap sample. For each bootstrap sample, we randomly draw with

replacement items from actual years and keep the number of randomly selected years

equal to the number of actual years. By repeating this process 1000 times, we could

obtain 1000 bootstrap replicates, and then the 99% confidence intervals, for example, is

derived by taking the 5th and 995th largest of the 1000 replicates.

2.2.6 Model simulations

We conducted ensemble experiments for the EP and CP El Nifio episodes using

NCAR Community Atmosphere Model (CAM4) with a T42 Euler spectral resolution.

Each ensemble experiment consists of 10 members, and each member is forced with

22-month-long SSTs associated with EP/CP El Nifo (including El Nifio developing

phase, peak phase, and decaying phase). These SSTs (following Yu et al., 2012) are

made by adding together climatological SSTs and the typical SST anomalies of the EP

or CP El Nifio. The typical SST anomalies are constructed by a regression between

tropical Pacific SST anomalies and EP/CP El Nifio indices and then scaling them to

typical El Nifio intensities (Yu et al., 2012).
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Chapter 3 Local and remote climate responses to

deforestation in Maritime Continent

To identify the local climate responses to the deforestation over Maritime
Continent, we compared the differences between the deforestation experimental run and
the control run. As mentioned in Chapter 1, converting tropical rainforest into grassland
would influence both the water cycle and energy budget. Figure 3.1a shows the latent
heat flux significantly decreases over the land area of Maritime Continent. Table 1.1
indicates the latent heat flux over deforested area drops by 9.33 W/m®, which is
approximately 10% of the mean value in control run. In the contrary, the latent heat flux
over the surrounding ocean increases because of the faster wind speed (Figure 3.2)
accompanied with the smaller land roughness. The latent heat flux could be separated
into three components: ground evaporation, canopy evaporation, and canopy
transpiration (Figure 3.3). In regard to the absolute value, the canopy transpiration
dramatically decreases (—20.93 W/m?, — 34.41%, Figure 3.3a) while ground
evaporation increases in a smaller magnitude (+11.62 W/m®, +155.90%, Figure 3.3c).
The canopy evaporation is negative owing to the reduction of interception, but only
contributes a minor effect (—5.99 W/m®, —19.31%, Figure 3.3b). These three

components combined together result in the decrease in latent heat flux, which is
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consistent with previous studies on the direct effects of deforestation. Surface sensible
heat flux over the land area increases as the surface temperature gets warmer (+5.62
W/m?®, +56.66%, Figure 3.1b). Since the reduced roughness weakens the aecrodynamic
exchange, the magnitude of the increase in sensible heat flux is smaller than the
magnitude of latent heat flux reduction. Another direct effect of deforestation is the
increase in surface albedo, which would reduce the clear-sky net shortwave flux at
surface (Figure 3.1c). However, with the effects of cloud, the incoming radiative flux
does not change significantly (Figure 3.1d). In order to compensate the reduced surface
flux, which is mainly due to the decrease in latent heat flux, the upward longwave flux
at surface needs to increase (Figure 3.1e), accompanied by a rise in surface temperature
according to the Stefan-Boltzmann Law (+1.04 K, +0.35%, Figure 3.1f). This result is
consistent with previous studies that the nonradiative processes usually have a stronger
influence than the radiative process in the tropics.

Unlike the precipitation decreases shown in most previous studies (Mabuchi ef al.,
2005a; Mabuchi et al., 2005b; Werth and Avissar, 2005; Mabuchi, 2011; Kumagai et al.,
2013), Figure 3.4a shows the precipitation increases over the land area and coastal
region in the Maritime Continent. Over the deforested area, the precipitation increases
by 0.43 mm/day, which is 5.39% of the mean precipitation in control run. From

moisture budget analysis, we found the vertically integrated horizontal moisture
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advection only contributes a minor impact (Figure 3.4c). On the other hand, the large

increase in the vertically integrated vertical moisture advection compensates the

decrease in latent heat fluxes and is associated to the increase in precipitation (Figures

3.4b and 3.4d). The vertically integrated vertical moisture advection could further be

separated into the thermodynamic component and the dynamic component (Figure 3.5).

The results show that the dynamic component, which is related to the anomalous

ascending motion, plays a crucial role in the increase of precipitation. The vertical

velocity (omega) difference between the deforestation experimental run and the control

run (Figure 3.6a) shows consistent results with the precipitation changes. The

anomalous ascending motion is apparent over the land area of the Maritime Continent

and has two peaks around 850 hPa and 350 hPa (Figure 3.6a, solid line). The anomalous

ascending motion also appears between 850 hPa to 100 hPa over the ocean area of the

Maritime Continent (Figure 3.6a, dashed line). These vertical velocity anomalies may

be associated with changes in deep convection, as we can see that most of the increase

in total precipitation comes from the changes in convective precipitation from

Zhang-McFarlane (ZM) deterministic deep convective scheme (Zhang and McFarlane,

1995) (Figure 3.7).

To investigate the anomalous ascending motion, we further compared the vertical

profile of moist static energy (MSE) difference between the deforestation experimental
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run and the control run (Figure 3.8). Moist static energy is the sum of sensible, potential,

and latent energy. Figure 3.8 shows in the low level, there are two competing effects

caused by deforestation: sensible energy (C,7) and latent energy (Lg). Near the surface,

the reduced specific humidity contributes apparent negative effects on MSE. The lapse

rate of the latent energy in the low level is positive, which means the atmosphere is

more stable. By contrast, the warmer surface over deforested area contributes a positive

effect on MSE, which results in the negative lapse rate of sensible energy and

corresponding unstable atmosphere. Around 850 hPa the lapse rate of latent energy

become negative, generating a more unstable environment. This unstable atmosphere

further explains the anomalous ascending motion and the vertical profile of omega

difference.

Figure 3.6b shows the vertical profile of specific humidity difference between the

deforestation experimental run and the control run. The specific humidity over the land

area of the Maritime Continent is lower from the surface to 900 hPa, but it is

significantly higher beyond the level of 900 hPa. This increased moisture most likely

comes from the low level moisture convergence shown in Figure 3.9. On the other hand,

the specific humidity also increases over the ocean surrounding the Maritime Continent

but in a smaller magnitude. This increase may come from the enhanced latent heat flux

over the surrounding ocean shown in Figure 3.1a.
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In summary, we found the local climate responses to deforestation over the

Maritime Continent are the increases in both precipitation and surface temperature. We

thus drew a schematic diagram of this process to illustrate the underlying mechanism.

As shown in Figure 3.10, converting tropical rainforest into grassland would result in a

warmer surface and then induce low level moisture convergence, which would

compensate the decrease of specific humidity owing to the reduction of

evapotranspiration after deforestation. The Combined effect of increased surface

temperature and low level moisture convergence further results in an unstable

atmosphere and consequently the anomalous ascending motion over the Maritime

Continent. With the low level moisture supply and strengthened ascending motion, the

precipitation increases despite the reduction of evapotranspiration.

Figure 3.11 shows the longitude—pressure cross section of the vertical velocity

difference between the deforestation experimental run and the control run (averaged

between 10°S to 10°N). Consistent with the vertical profile of vertical velocity

difference (Figure 3.6a), the result indicates the anomalous ascending motion over the

Maritime Continent and the anomalous descending motion over the central Pacific. This

anomalous circulation caused by the deforestation over Maritime Continent can

contribute part of the changes in the Pacific Walker circulation, and further trigger the

remote climate impacts.
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Chapter 4 Different climate regulation of deforestation fire

between two types of El Nifo

To investigate the relationship between fire occurrence and El Nifio events, we
analyzed observational data of precipitation, fire pixel count, and the atmospheric
circulation as well as idealized climate model simulations. We searched for fire hotspot
detections during the period 1997-2015 in southern Borneo (109°E-118°E, 4.5°S-1°S),
roughly Central and South Kalimantan in Indonesia (Figure 4.1a), because fire activity
in this region is the most variable annually and represents approximately 60% of the fire
hotspots in Borneo from 1997-2012. Forest and peatland are widely burned to clear land
for oil palm plantation in southern Borneo during the dry season, releasing large
amounts of greenhouse gases into the atmosphere (van der Werf et al., 2010; Page et al.,
2011). The regular dry season in southern Borneo generally lasts from June to
September, during which the average rainfall drops 36% to 160 mm/month. Typically,
rains return in October and quickly reach 220 mm/month by the onset of the wet season
in November (Figure 4.1b).

A prolonged dry season, characterized by below normal October precipitation, was
observed during the six El Nifio years (1997, 2002, 2004, 2006, 2009, and 2015) in our

study period (Figure 4.2). During these years, the concurrent increases in fire
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occurrence in October reflect a typical link between biomass burning and drought, as

well as drainage of peatland water tables (Page et al., 2011; Kettridge et al., 2015).

However, fire activity does not increase with El Nifio intensity in every case. For

example, 2006 was a very active fire year in spite of the fact that this El Nifio event was

relatively weak, as the Nifio3.4 SST index reached a maximum of only 0.78°C in

October. Here, Nifio3.4 is an index popularly used to gauge the strength of an El Nifio

and is defined as the averaged SST departure from the climatological value in a specific

equatorial Pacific region (120°W-170°W, 5°N-5°S). The 2009 event was stronger with a

Nifio3.4 index of 0.94°C in October, yet the fire activity during October was only

moderate in southern Borneo. Interestingly, we find that the October fire occurrence in

southern Borneo is more closely linked with the El Nifo type than with its intensity

(Figure 4.1¢). In our study period, major fire episodes occurred during the years of

Eastern Pacific (EP) type of El Nifio, whose maximum surface ocean warming is in the

tropical eastern Pacific (i.e., 1997, 2006, and 2015), while minor ones occurred during

years of the Central Pacific (CP) type of El Nifio, whose maximum surface ocean

warming is in the tropical central Pacific (i.e., 2002, 2004, and 2009). Past studies have

already identified the type for all major El Nifo (Fu ef al., 1986; Ashok et al., 2007,

Kao and Yu, 2009) events. The most striking difference between these two types of El

Nifio is the central location of their SST anomalies in the tropical Pacific. When these
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anomalies are centered in the tropical eastern Pacific the event is defined as an EP El

Nifio, while an event where anomalies are centered in the tropical central Pacific is

defined as a CP El Nifio (Yu and Kao, 2007).

The October fire activity during the EP El Nifio years (i.e., 1997, 2006, and 2015)

stands out by almost an order of magnitude in southern Borneo (Figures 4.1c and 4.1d,

the complementary analysis in Figure 4.3b also indicates the larger October fire activity

in 2015 than in 2006). Fires during the 2002 and 2004 CP El Nifio years are not as

abundant, although still higher than in neutral years. Despite the occurrence of a

relatively strong CP El Niflo event, fire occurrence in 2009 is unusually low. Fire

occurrence in October is also found highly correlated with precipitation (r2=0.93,

p<0.001, n=11) (Figure 4.1d).

This raises the following question: What makes the EP El Nifio more capable than

the CP El Nino of increasing fire occurrence in southern Borneo? We find a key to the

fire occurrence is the unusually low precipitation rates in October during EP EI Nifio

(Figures 4.2 and 4.3). During EP El Nifo events, the fire season extends beyond

November and its peak month shifts from September to October (Figures 4.4a and 4.3a).

During CP El Nifo episodes, on the other hand, fire seasonality remains similar to the

climatology: Fire activity peaks in September and mostly ends in November. This
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significant difference in fire seasonality between the EP and CP El Nifio is not observed

if all El Nifo events are combined regardless of the type (Figure 4.4a, green line).

Fire season usually lags the dry season by 1-3 months because fuel humidity is a

cumulative effect (Turetsky et al., 2015). Additionally, precipitation is generally a better

predictor for the magnitude of fire activity than SST or soil moisture parameters (Field

and Shen, 2008; Chen et al., 2011). This is important particularly for peat fires which is

common in southern Borneo. Peat fires usually go underground and last for months

during drought when the water table is depleted (Page et al., 2011; Kettridge et al.,

2015). Fires are often set for agricultural purposes, but a lower precipitation which

significantly departures from the climatological mean in October in southern Borneo

(Figure 4.4b, departures exceed 99% confidence intervals) will lower the fuel humidity

and water table, which can indirectly cause the fire expansion and prolong the fire

season. Therefore, the anomalously low precipitation in October acts as a major cause

for a longer and more severe fire seasons during EP El Nifio events.

The greater reduction in precipitation in October during the EP El Nifios than

during the CP El Nifos is associated with the subsidence differences over Borneo

between these two El Nifo types, which can be seen from the 250 hPa velocity potential

(VP) differences (Figure 4.5a, mean of the two EP events minus mean of the three CP

events). The VP differences indicate that the EP El Nifio induces a stronger upper-level

23

d0i:10.6342/NTU201700636



convergence over the western Pacific (including Borneo) from August to October and a

stronger upper-level divergence over the eastern Pacific. This upper-level difference

pattern represents a stronger weakening effect of the Walker circulation by the EP El

Nifio than the CP El Nifio and the anomalous subsidence over the western equatorial

Pacific, which can result in the reduction of Borneo precipitation (Figure 4.6). This

weakening effect of the Walker circulation is related to the warmer SST anomalies of

the EP El Nifio in the tropical eastern Pacific and colder SST anomalies in the tropical

western Pacific than during the CP El Nifio (Figure 4.5b). Apparently, the more

eastward-located warm anomalies during the EP El Nifio are more effective in

weakening the Walker circulation than the more westward-located warm anomalies

characteristic of the CP El Nifio (Zou et al., 2014).

We further performed idealized climate model experiments to demonstrate the

eastward-located warm SST anomalies and the associated apparent subsidence

anomalies over the Maritime Continent regions during the EP El Nifio. We conducted

ensemble experiments for the EP and CP El Nifo episodes using NCAR Community

Atmosphere Model (CAM4) with a T42 Euler spectral resolution. Each ensemble

experiment consists of 10 members, and each member is forced with 22-month-long

SSTs associated with EP/CP El Nifio (including El Nifio developing phase, peak phase,

and decaying phase), following Yu and Zou (2012). Technically, the model resolution
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(2.8°x2.8°) is not high enough to capture the exact location of maximum VP difference;

thus, may not overlap exactly with Borneo. However, results from the model

simulations clearly indicate that during EP El Nifio SST in the eastern Pacific is warmer

and subsidence in the western Pacific is stronger (Figure 4.7).
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Chapter 5 Conclusions and future work

5.1 Local and remote climate responses to deforestation in Maritime Continent

5.1.1 Summary

In this study, we used the Community Earth System Model (CESM) to simulate the
impacts of deforestation in Maritime Continent on the climate. Through the comparison
between deforestation experimental run and control run, we identify the potential local
and remote climate responses to deforestation in Maritime Continent. The results
indicate the increases in both temperature and precipitation over the islands after
converting tropical rainforest into grassland. The surface warming effect results from
the decrease of evapotranspiration and roughness. The increased precipitation is
associated with the increase in vertically integrated vertical moisture advection,
especially the dynamic component (changes in convection). Through moist static energy
(MSE) budget analysis, we found the combined effect of higher specific humidity and
temperature in the mid-level will make the atmosphere among the deforested area
become unstable, and thus induce anomalous ascending motion. The accompanied
low-level moisture convergence further supplies sufficient water vapor from the

surrounding warm ocean. These processes hence bring more precipitation over the
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deforested region. In addition, the enhanced ascending motion over Maritime Continent

may potentially contribute part of the changes in Pacific Walker circulation, producing

possible remote climate impacts outside the tropical regions.

5.1.2 Discussion and future work

In this study, we use the idealized deforestation scenario that completely converts

the vegetation types of tropical rainforest into grassland at the first time step, which

might exaggerate the influence of deforestation. Some studies simulate more realistic

deforestation scenario by giving a deforestation rate (for example, the forest area

decreases by 5%, 2%, 1%, and 0.5% annually), but previous study shows that the

deforestation rate does not strongly influence the climate impacts of deforestation

(Gotangco Castillo and Gurney, 2013). Therefore, it is feasible to simulate abrupt

deforestation in the model experimental run. On the other hand, the spatial scale might

affect the result as we mentioned in the literature review. Therefore, a more realistic

deforestation, such as the partial deforestation only in the lowland or coastal regions,

should be considered. The resolution of the model might also influence the results. We

have conducted the deforestation experiment using a finer resolution of 0.9°x1.25°. We

got the similar results that the temperature and precipitation increase after the

deforestation in Maritime Continent.
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Previous studies have investigated the difference between using a fixed sea surface

temperature and using a fully coupled model to simulate the climate responses to land

use change. Delire et al. (2001) use the Fast Ocean Atmosphere Model (FOAM) of

Jacob (1997) to conduct the comparison. With fixed sea surface temperature, the

precipitation increases over the deforested area in the Indonesian Archipelago due to the

enhanced deep convection. Conversely, with coupled model, the precipitation decreases

because the more upwelling cools the sea surface and reduces the ocean evaporation.

However, Voldoire and Royer (2004) indicates that the ocean impacts are of second

importance. In this study, we used prescribed climatological sea surface temperatures

and sea ice, which may result in overestimation of the ocean evaporation. Although the

ocean influence on the deforestation simulation remains unclear, this problem is still

important to be explored, especially in Maritime Continent, where the islands are

surrounded by the ocean.

In addition to the modeling issues, we should also use observation or reanalysis

data to verify our hypothesis and gain better understanding of the land-atmosphere

interaction. According to ERA Interim reanalysis data, the vertical velocity trend during

recent decade shows the trend in ascending over the Maritime Continent and descending

over the central Pacific (Figure 5.1). With the enhanced trade wind, it seems the

equatorial Pacific Walker circulation had been intensified during this period. These
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patterns correspond with the vertical velocity difference in Figure 3.11. We hypothesize

that this enhanced ascending motion over the deforested region may have an influence

on Walker circulations. Further analysis would be performed to quantify its contribution

and to explore how the Walker circulation changes with the deforestation forcing.

5.2 Different climate regulation of deforestation fire between two types of El Nifio

The 2015 El Nifio has been confirmed to be the first EP El Nifio in the tropical

Pacific since 2006. Figures 4.5c and 4.5d show that the evolutions of its upper-level VP

and SST anomalies from August to October are similar to the evolutions during the two

previous EP El Nifio events. Moreover, fire occurrence in 2015 in Borneo and

surrounding regions of Indonesia such as Sumatra and Papua are remarkably similar to

what were observed in 1997 and 2006. Fire season in 2015 extends well into November,

although heavy rains have been reported on October 26th in Kalimantan, and

substantially lowers the number of satellite active fire detections (van der Werf, 2015).

While the general community relies mostly on the strength of the 2015 El Nifio to

explain the associated anomalous fire activity, we suggest that it is the central location

of the SST anomalies associated with this El Nifio event that should be emphasized for

the 2015 Borneo fire event. Thus, projecting the location of El Nifio events might be

more important than projecting their strength for fire management in southern Borneo
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since there is a tendency for large Borneo fires to occur during the EP than CP type of

El Nifio events.
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Figure 1.1 Schematic diagram of the enhanced convection over the deforested area

nearby the forest (Anthes, 1984; Lawrence and Vandecar, 2015).
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Figure 1.2 Annual net change in forest area during the 1990-2015 period. From the
United Nations Food and Agriculture Organization (FAO).
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Figure 1.3 Terra MODIS enhanced vegetation index (EVI) trend during the period
2001-2013. The shaded areas indicate significance at the 95% confidence level.
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Figure 2.1 Schematic diagram of the representation of land surface cover types in the
Community Land Model version 4 (CLM4.0). From CLM  website

(http://www.cesm.ucar.edu/models/clm/surface.heterogeneity.html).
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Figure 2.2 Percentage of the vegetation types of rainforest (broadleaf evergreen tropical

tree and broadleaf deciduous tropical tree). The black box indicates Maritime Continent.
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(a) CESM control run precipitation mm/day
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Figure 2.3 (a) Annual mean precipitation in CESM control run. (b) TRMM

(TMPA3B43) precipitation climatology (averaged from 1998 to 2015).
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Figure 3.1 Difference between the deforestation experimental run and the control run in

annual mean (a) surface latent heat flux, (b) surface sensible heat flux, (c) clear-sky net

shortwave flux at surface, (d) net shortwave flux and downward longwave flux at

surface, (e) upward longwave flux at surface, and (f) surface temperature. Dotted areas

indicate p < 0.05.
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Figure 3.2 Same as Figure 3.1 but for annual mean wind speed at 10m above the
surface.

46

d0i:10.6342/NTU201700636



(a) canopy transpiration

20N

W/m2

10N —

208

(b) canopy evaporation

20N

90E

10N —

108 —

208

(c) ground evaporation

20N

90E

10N —

108 —

208

90E

I ][ e
-30 24 -18 -12 -6 0 6 12 18 24 30

120E

150E

Figure 3.3 Same as Figure 3.1 but for annual mean (a) canopy transpiration, (b) canopy

evaporation, (c¢) ground evaporation.
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Figure 3.4 Same as Figure 3.1 but for annual mean (a) precipitation, (b) surface latent
heat flux, (c) vertically integrated horizontal moisture advection, and (d) vertically

integrated vertical moisture advection.
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Figure 3.5 Same as Figure 3.1 but for annual mean (a) thermodynamic component and

(b) dynamic component of vertically integrated vertical moisture advection.
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Figure 3.6 Difference between the deforestation experimental run (DEF) and the

control run (CTR) in annual mean (a) vertical velocity profile over land and ocean and

(b) specific humidity profile over land and ocean.
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Figure 3.7 Same as Figure 3.1 but for annual mean convective precipitation from

Zhang-McFarlane (ZM) deterministic deep convective scheme.
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Figure 3.8 Same as Figure 3.6 but for annual mean MSE profile over land.
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Figure 3.9 Same as Figure 3.1 but for annual mean low level moisture convergence
(integrated from surface to 900 hPa).
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Figure 3.10 Schematic diagram of how deforestation influences precipitation.
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Figure 3.11 Longitude-pressure cross section of the vertical velocity difference between

the deforestation experimental run and the control run (averaged between 10°S to 10°N).

The shaded areas indicate p <0.1.
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Figure 4.1 (a) Satellite image of the Maritime Continent and Borneo with area studied
delineated by the yellow box (Map created using a Google Maps: Imagery ©2016
TerraMetrics; Map data ©2016 Google). (b) The climatological precipitation in southern
Borneo averaged from 1998 to 2010. The shaded area represents the region within one
standard deviation of the climatology. (c) Interannual evolution of the southern Borneo
fire pixel count and precipitation in October. Types of El Nifio events and intensities
(based on Nifio3.4 in October) are indicated at the bottom of the figure. (d) Relationship
between southern Borneo fire pixel count and precipitation in October. The blue curve
shows an exponential relationship with r’=0.93, p<0.001.
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Figure 4.2 Seasonality of precipitation over southern Borneo during five El Nifio events
(1997, 2002, 2004, 2006, 2009). The climatology shown by the black dashed line is
calculated using data for the period 1998 to 2010. The shaded area represents the region
within one standard deviation of the climatology. Data sources include (a) PREC/L and
(b) TRMM (TMPA3B43) (excluding the 1997 El Nifio event and with 2015 data).
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Figure 4.3 Seasonality of fire pixel count over southern Borneo during five El Nifio
events (1997, 2002, 2004, 2006, 2009). The climatology shown by the black dashed line
is calculated using data for the period 1998 to 2010. The shaded area represents the
region within one standard deviation of the climatology. Data sources include (a) ATSR
and (b) MODIS (excluding the 1997 El Nifio event and with 2015 data).
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Figure 4.4 (a) Seasonality of the fire pixel count over southern Borneo. The climatology
shown by the black dashed line is calculated using data for the period 1998 to 2010. All
El Nifio composites are shown by the green line, while the red line is for the CP El Nifio
composite (2002, 2004, and 2009), and the blue line is for EP El Nifio composite (1997
and 2006). The shaded area represents the region within 95% (dark gray) and 99% (light

gray) confidence intervals for monthly mean. (b) Same as (a), but for monthly

precipitation.
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Figure 4.5 (a) Longitude-time evolution of 250 hPa velocity potential difference

between the EP El Nifio composite and the CP El Nifio composite averaged between

5°N and 5°S from July to October. (b) Same as (a), but for sea surface temperature. (c)

Longitude-time evolution of the 250 hPa velocity potential difference between 2015 and

CP El Nifio composite averaged between 5°N and 5°S from July to October. (d) Same as

(c), but for sea surface temperature.
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Figure 4.6 Difference between the EP El Nifio composite (i.e., 1997, 2006, and 2015)
and the CP El Nifio composite (i.e., 2002, 2004, and 2009) in (a) 250 hPa velocity
potential and (b) 500 hPa omega from NCEP/NCAR reanalysis, and (c) GPCP

precipitation averaged from July to October.
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Figure 4.7 (a) Longitude-time evolution of sea surface temperature difference between
the EP El Nifio simulations composite and the CP El Nifio simulations composite
averaged between 5°N and 5°S from July to October. (b) Same as (a), but for the 200
hPa velocity potential. Dotted areas indicate p < 0.05.
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Figure 5.1 (a) Longitude-pressure cross section of ERA Interim vertical velocity trend
during the period 2002-2013 (averaged between 10°S to 10°N). (b) ERA Interim zonal
wind stress trend during the period 2002-2013. The shaded areas indicate p < 0.05.
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Tables

Table 1.1 Comparison of general circulation model (GCM) experiments of Maritime

Continent deforestation.

Avissar, 2005

not mentioned

deforested areas

not mentioned

Surface Precipitation Sensible heat | Latent heat
Reference 2 2
temperature (K)| (mm/day) flux (W/m") flux (W/m")
+1.04 +0.43 +5.62 -9.33
Present study
(+0.35%) (+5.39%) (+56.66%) (—=9.69%)
Delire et al.,2001 ]
not mentioned +0.27 —-1.2 -7.6
(fixed SST)
Delire et al.,2001 ]
not mentioned —0.55 +6.8 —16.1
(fully coupled)
Werth and —1 over part of

not mentioned

Mabuchi et al.,

—1.42 over part of

whole region

whole region

+0.44 —8.79 —4.28
2005a (JJA) deforested areas
Mabuchi et al., —1.38 over part of
+0.40 —8.79 —-3.59
2005b (DJF) deforested areas
Mabuchi et al.,
+0.5 decrease decease increase
2011
+0.95 over the —0.42 over the —28.15 over the
Schneck and
deforested area/ | deforested area/ deforested area/
Mosbrugger, increase
Al +0.23 over the +0.36 over the —1.00 over the

whole region
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