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Abstract

Three Essays In Environmental And Agricultural Economics

by

Biswo Nath Poudel
Doctor of Philosophy in Agricultural And Resource Economics

University of California, Berkeley

Professor David Zilberman, Chair

This dissertation probes three issues of current interest in environmental and agricultural
economics. The �rst paper provides an in-depth analysis of sedimentation management
issue in large reservoirs. The paper provides a new model of sedimentation management
and conditional on assumed primitives of the model, analyses di¤erent scenarios under
which sedimentation removal may increase or decrease. The paper also provides insights on
how temperature �uctuation, increased sedimentation arrival in the reservoir and change
in the perception of large reservoirs among the public may a¤ect the sustainability and
management of the large reservoir. The second paper looks at the data from the Latin
American countries to search for the presence of Environmental Kuznets Curve(EKC) in
Latin America. The paper is also one of the earliest papers to use forestry data and
semiparametric approach in �nding EKC. The paper �nds no evidence of EKC in Latin
America as a whole, and in general �nds that EKC is sensitive to the region of choice. The
third paper carries out an an empirical investigation to test for the convergence of total
factor productivity(TFP) of agricultural sector in the United States. The investigation
does not �nd any evidence of convergence while looking at the U.S. state-level agricultural
TFP at the aggregate level. However, it �nds support for convergence within some of the
clusters or within some of the regions. The paper takes a new approach in grouping states,
which makes it di¤erent from other papers where ad hoc grouping of states was done. In this
paper, such approach is abandoned in favor of a cluster analysis approach that relies on data
to form "clusters". Cluster analysis approach �nds that convergence in the regional level
(cluster) does not improve signi�cantly compared to the �ndings by a wellknown previously
published study which didn�t use cluster analysis approach .

Professor David Zilberman
Dissertation Committee Chair
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0.1 Abstract

This paper develops a model of sedimentation management in reservoirs. It con-
tributes to the existing literature on the topic in di¤erent ways. The model is set in sto-
chastic setting and is rich enough to accomodate the study of di¤erent contingencies such as
weather �uctuations, regulation changes due to global warming or other events that causes
change in public perception regarding large reservoirs. More over, this model also uses a new
numerical method to solve nonlinear optimization equation that in some cases is faster than
existing models and requires less computation. Such nonlinear di¤erential equations appear
naturally in sediment management problems. Data from Tarbela reservoir in Pakistan, one
of the most sediment prone reservoirs, is used to calibrate the model and our result suggests
that given the speci�c assumptions regarding cost functions of sediment removal, the dam
could be sustainably run.
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0.2 Introduction

"Among the many sessions of the Third World Water Forum, held in Kyoto, Japan
in March 2003 , there was one titled �Sedimentation Management Challenges for Reservoir
Sustainability�. Two main messages emerged from that session:( i) Whereas the last century
was concerned with reservoir development, the 21 st century will need to focus on sediment
management; the objective will be to convert today�s inventory of non-sustainable reservoirs
into sustainable infrastructures for future generations. ( ii)The scienti�c community at
large should work to create solutions for conserving existing water storage facilities in order
to enable their functions to be delivered for as long as possible, possibly in perpetuity."
(Johnson, Ian (2003))

Reservoirs are one of the most common forms of nonrenewable resources, yet their
economic studies have been rare. Engineering literatures emphasize that even when reser-
voirs were structurally sustainable,they could nevertheless become unsustainable due to
sedimentation accumulation. The loss of storage due to sediment accumulation is nontriv-
ial and alarming: Mahmood, K. ( 1987) reports that the annual capacity loss of world�s
reservoirs due to sediment accumulation is about 1%, though White(2001) recently put this
�gure at 0:5%~1% . A world bank report translated the loss as the need to add some 45
km3 of storage per year worldwide, costing US$13 billion per year exclusive of environmen-
tal cost. China, which alone accounted for more dams construction than the rest of the
world during 1950 � 1980,fairs worse, mainly due to the nature of sediment rich Yellow
river. Zhou(1993) reported that China�s 82; 000 reservoirs are losing their capacity at the
average annual rate of 2:3%. Three other frequently cited example of storage capacity loss
are Welbedacht dam (built in 1973, it has lost more than 80% of its capacity), Mangaho
River project in New Zealand (59% of capacity lost in 45 years of operation, bottom outlet
buried under 13 m of silt after 25 years of operation)and Tarbela reservoir in Pakistan(built
in 1974, has lost about 20% of its storage capacity). If sedimentation issue is not taken
care of properly, reservoirs needs to be abandoned after the sedimentation reaches a critical
level.But sedimentated sites can�t be easily recycled for reuse. Such recycling e¤orts could
be extremely costly. For example, according to Morris and Fan (1998),it would cost $83
billion to restore Lake Powell in Colorado river (at the rate of $2:5/m3) assuming one could
�nd the disposal site to dump 33km3 of sand.Furthermore, there are not many proper sites
for constructing reservoirs. Such sites certainly are not growing. Also, since the best sites
(from the perspective of construction as well as operation and management (O&M) costs)
were taken up earliest, alternative sites will be progressively costlier. These facts attest
to the reservoir being nonrenewable resource. Ruud et al (1993) claim that Green House
gases (GHG) emitted from the reservoirs are positively correlated with the area �ooded.
In particular, reservoirs which �ood either upland forest or peatlands in Canada are likely
to produce more GHG. Studies like these further reduce the number of suitable sites for
reservoir and provide further evidence of them being nonrenewable resources.

There are at least 50000 dams in the world that are more than15m tall, as reported
by International Commission On Large Dams (ICOLD). However, the total number of dams
in the world is much more. In particular, given that only 7% of dams in the United States
are more than 15m tall(National Inventory of Dams, US Army Corp of Engineers),using
the same proportion, the total number of dams in the world could be more than 1 million.
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Lots of these dams are reaching their age. Furthermore, public�s perception of large dams
as a clean source of energy is also undergoing transformation, and their decomissioning is
more frequently discussed topics now than ever. At the same time, one needs a rigorous
framework to calculate the economic value of dam at the time it is decomissioned so such
decomissioning could be justi�ed by judging it from some economically rational framework.
Such value of the reservoir at the time of its decomissioning is the salvage value of the dam.
From an operator�s point of view,the salvage value of dam is stochastic for several rea-
sons: the impact of sedimentation on ecology and human health are not clearly understood.
(Danielevsky (1993), Tolouie (1993)) reported that desiccated deposits of �ne sediments
could be eroded and transported by wind, causing health hazard to nearby population.
Furthermore, Chen et al(1993) reported that the presence of sediment against dam could
constitute earthquake hazard. The impact of sediment accumulation on ecology alteration
(such as on habitat of salmon) and the impact of delta deposition on the probability of
�ooding are also actively researched �eld. In legal front, Thimmes et al(2005) reviewed
recent court decisions on cases against dam operators and found that courts have issued
reward against dam operators for the ecological damage caused during the dam operations,
and overall conclude that judicial determinations of reasonable reservoir management and
reasonable precautionary measures by landowners are generally highly speculative, contro-
versial, and based on limited information. Pansic et al (1995) report that currently three
major costs associated with dam decomissioning include sediment management (48%), en-
vironmental engineering(22%) and infrastructure removal (30%). Furthermore, regulatory
agencies may continue to impose new conditions on the operators as the new information
on the impact of dams arrive, including their impact on Green House Gas stock in the at-
mosphere.The cost of decomissioning could very well be astronomical if stringent conditions
are applied to the operators in the future, and this is consistent with the overall uncertain
time dam operators are living in rightnow.

It is clear that the periodical removal of sedimentation is an integral part of the
operation of a sustainable dam.There are several techniques to remove sedimentation from
reservoirs. We can roughly divide them into four types: erosion prevention, sediment rout-
ing, �ushing and dredging. Erosion prevention can always be used with the latter. Erosion
prevention schemes include watershed management issues such as encouraging people up-
stream to get involved in the practices that are not going to contribute to soil erosion
(i.e. best management practices). The other alternative is trapping sand before it reaches
reservoirs; for example, by constructing check dams, though they are not very e¤ective.
Sediment routing methods involve both sediment bypass (circumventing the dam) and sed-
iment passthrough(sending sediment through the dams) methods. These methods involve
emptying reservoirs periodically or just before the �ood. Flushing involves opening a low
level outlet to temporarily establish riverine �ow through which eroded sediment is �ushed.
Flushing is distinct from routing as the former deals with settled sediment and involves
release of sediment at the season which is di¤erent from the season used by sediment rout-
ing which releases sediment when they arrive. The timing aspect of sediment release also
makes �ushing not very popular among environmentalists. Dredging involves mechanically
digging up the coarse deposit and removing them from the reservoir. A detailed description
of these methods can be found in Morris and Fan (1998) and is also presented in the next
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chapter.The challenge in �nding the optimal sedimentation technology is that any such
prescription necessarily relies on the topography of the region and on such minute details
as the size of sediment (�ne, coarse, big boulder etc) and hence an economic model has to
make tradeo¤ between the accuracy of representation and simplicity of modelling so that
one achieves desired tractability to come up with reasonable insights.

Our goal in this paper is to formally represent the reservoir management problem,
taking into account the stochastic nature of salvage value of the dam at the time of its
decomissioning. The formalization also provides us the following three major insights: (1)
ranking of di¤erent sedimentation removal techniques from the perspective of their impact
on the age of dam (we di¤erentiate between economic life of dam, usable life of dam and
life of dam in general, using the terminology of Murthy(1977)) is facilitated. (2) optimal
sedimentation management is retrieved as a result of a control problem of the operator and
(3) the value of the dam at any point. At the end, we are also able to discuss sustainability
issue of the reservoir.

We contribute to the literature in the following way: this paper is the �rst one to
look at the sedimentation issue in a stochastic framework. We provide detailed study of
techniques and discuss qualitative properties of key thresholds that trigger di¤erent decision
makings (such as in sedimentation management). We also provide a new method that
slightly modi�es Judd(1992)�s projection method in solving the nonlinear equations that
results from optimizing decision of the operator. We use data from Tarbela dam in Pakistan
to calibrate our model. We conclude that for some given cost functions, the dam could be
sustainably run.

0.3 Literature Review

Economic studies of sediment removal techniques so far have been very rare. In
2003, the world bank�s resource economics group developed a policy maker�s manual-type
report, called RESCON. Their work provided a brief survey of sedimentation technique
and a "look-up table" type Excel based software to facilitate the economic and engineering
evaluation of di¤erent sedimentation strategies. Another work by Palmieri et al (2001) used
the RESCON software to show impact of di¤erent sediment strategies on sediment removal
policy and life of the dam. Hu¤aker et al (2006) provided a detailed economic study of
hydrosuction dredging sediment removal system. In particular, Hu¤aker et al constructed
a multi-state model of endogenous reservoir operations and apply singular perturbation
solution methods that reduced dimensionality of the optimality system and facilitated the
solution of the optimal system. They uncovered a phenomenon called "sediment perching"
due to which increased sedimentation in the reservoir makes the sediment control mechan-
ims more e¤ective in the long term. Though they take into account the positive e¤ect of
sediment perching on dredging cost, they fail to note that sediment perching alters the nat-
ural pattern of sediment �ow downstream and may cause undesirable environmental cost
and their estimate of the bene�t of sediment perching may therefore be upward biased.
The sediment perching phenomenon, in our view, is similar to the (S; s) decision making
proposed by Arrow et al(1951): one waits until the stock is down to a certain value before
replenishing the stock.
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Literature has focussed on the debate of whether a dam should have "design life"
or whether it should be run sustainably by using life cycle management strategy. Inter-
generational equity requires that a dam either be run sustainably or the generation (or
generations) that bene�t from the dam pay for its decomissioning cost (for example by
raising a fund to be used by future generation). Palmieri et al (2003) discussed about a
method to generate such fund in a reservoir in China. In addition to these studies, Keohane
et al (2006) proposed a SFQ model which they suggested could be used in the context of
reservoir management. In their model, stock and �ow both must be controlled to promote
the quality, which in the context of reservoir management problems requires the control of
both sediment �ow and sediment stock to maintain the quality of the reservoir and reservoir
products.Their result implied that if the dam operator has the choice of both sediment re-
moval and restoration, then the threshold that triggers restoration in the absence of choice
regarding sediment removal would be lower than the case in which planner has the option to
remove sediment. On the other hand, the feasibility of restoration will reduce the optimal
sedimentation removal at each level. The author seem to treat restoration as if the asset
being restored is renewable. However, we believe that is clearly not the case in reservoir
management.

Exact timing of a decomissioning of a dam is not an issue studied in literature.
However, the issue is similar to much studied machine replacement problem in �nance and
economics. The major study in the literature was due to Rust(1987), who studied the
decision of an administrator making decision on repair or replacement of GMC bus engines.
A dam administrator is in a way similar to Harold Zurcher, the bus administrator: making
a decision on repair (i.e. sediment removal) or decomissioning, but most likely, without the
option of replacement. Furthermore, with dam, the concept of sustainably running it is
more important, where as with the bus, it is not even considered.

0.4 Sedimentation removal techniques:An overview

0.4.1 Engineering Classi�cation

Sedimentation removal is an integral part of the operation of a reservoir. It is
also a major instrument to make a reservoir sustainable. There are three major groups of
sedimentation removal techniques:

(1) Erosion Control and Watershed Management: This class of technique
include the investment in erosion control upstream so that the river doesn�t carry a lot of
sediment into the reservoir. This method is mainly focussed in rehabilitation of degraded
soil and watershed upstream. Literature in sedimentation management emphasize that such
management strategies be carried out with the help of landowners upstream as their non-
cooperation result in the failure of erosion control programs. Sediment management and
erosion control techniques may use methods ranging from basic land use changes to the
complicated high �xed cost structural methods such as construction of terraces, diversion
channels, grassed waterways, check dams. Nonstructural methods include agronomic mea-
sures which rely on the regenerative properties of vegetables. Other methods in use include
operational measures such as scheduling construction to minimize the area of exposed soil.
Land use changes doesn�t involve �xed cost, and may not result in reduced sedimentation
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yield immediately downstream. Faulkner and McIntyre (1996) reported that there were no
change in sediment yield even 20 years after the transition to less erosive land use. There
are several basic agricultural engineering techniques in erosion control (see, Schwab (1993)
for a detailed study on it). In the United States, Best Management Practices(BMP) are
recommended for erosion control.

From the economic point of view, these methods can be divided into two classes:
(1) structural methods are �xed cost method with low annual maintance cost and (2)
nonstructural methods have no �xed cost, but have relatively higher annual maintanance
cost. They also di¤er in their e¢ cacy: it is recognized that the nonstructural methods can
never lead to zero sedimentation yield downstream.

Erosion control is also topography dependent. In countries like Nepal, which is
situated in the tectonically active Himalayas, erosion control in the watershed is not consid-
ered technically feasible in several possible reservoir sites. This is the same case in Tarbela,
the reservoir about which we study in detail later.

(2)Sediment Routing: Sediment routing techniques often "route" sediment ei-
ther through the dam itself or from a diversion constructed to bypass the dam. The imple-
mentation of such techniques is considered to be site speci�c and could be cheap at some
sites. At some sites, costly modi�cation of dam is required to implement it. Routing tech-
niques try to identify the part of the incoming water that has sediment and prevent it from
depositing in the reservoir, often either by letting the sediment pass through the reservoir
or around storage or intake areas. Sediment routing , in general, is considered useful in
small reservoir.

Morris and Fan (1998) provided two major subgroups for sediment routing tech-
niques:

(i) Sediment Pass-through: This group includes techniques such as seasonal draw-
down of reservoir, �ood drawdown by hydrograph prediction or rule curve and venting turbid
density currents. Of these , seasonal drawdown often involves a season of emptying of a
reservoir so that the channel is eroded along the thalweg and sediment is removed. Since
lower level outlets are open through out the �ood season, sediment deposition during �ood
season, which constitutes the main fraction of sediment during a year, is routed out of the
reservoir. Sanmenxia Reservoir in China is a major example of the reservoir that employs
this method. Flood drawdown method involves lowering the pool level and increasing �ow
velocities during individual �ood events. Large reservoirs that employ hydrograph control
release water from the rising limb of the hydrograph and re�ll the reservoir with water
from the hydrograph recession. This method requires real time prediction of the in�owing
hydrograph to guide gate operation. Similarly, small reservoirs may use rule curve to guide
gate operation. The method of turbid density currents exploits the di¤erences between two
di¤erent types of �uid.

(ii) Sediment Bypass : These are mainly of three types: on-channel, o¤- channel
and subsurface bypass. On-channel type involve the construction of large capacity chan-
nel or tunnel to bypass sediment-laden �ow around an instream storage reservoir. Such a
channel obviates the requirement of constructing large capacity spillway at the main dam.
Example of such method is Nagle reservoir in South Africa. O¤ channel bypass technique
requires the construction of impoundment o¤ the main river . These o¤ channel reser-
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voir avoid sediment laden water by either partially or fully excluding the �oodwater, by
constructing intake structure to exclude coarse sediment and by using diversion dam to
trap sediments. An example, as given by Wu(1991) , is Sun Moon reservoir of Taiwan in
which 49:5 percent of total stream�ow was diverted to the reservoir but only 3:5 percent of
the stream sediment was diverted. Subsurface sediment bypass includes those storage that
takes bene�t of the fact that coarse sediment contain voids which can store water and in
some situation, a trap dam may be constructed to accumulate coarse sediment, extracting
water from the subsurface storage by a pipe through the base of the dam and which extends
through the permeable deposits. Baurne(1984) claimed that evidence from Libya suggest
these types of structures have been used there for at least 1000 years.

(3) Sediment Flushing: Flushing is a technique that has drawn attention of
some economists. It is limited to small reservoirs, with typical capacity in�ow ratio (which
is the ratio of total reservoir volume to mean annual in�ow) of less than 0:3. Although there
are a variety of �ushing techniques, they all involve lowering of reservoir level and letting
�ood sweep away the sediment deposited in the reservoir. The three steps of �ushing are
therefore often called drawdown, erosion and re�ll (lowering reservoir level, letting �ood
water erode the deposition and then re�lling the reservoir again). In a lot of reservoir such
�ushing is done seasonally. Seasonal emptying of reservoir is considered good if the demand
of water is also seasonal (for example, Jensepei reservoir in Taiwan uses seasonal emptying
of reservoir that is mainly used to supply water for a sugar mill that operates only six month
every year). The problem with �ushing is that it releases sediment at a higher rate than
normal alluvial pattern and it causes a lot of problem downstream. The thick water with
sediment is not suitable for any hydropower dam downstream, and may temporarily disable
solid handling capacity of water purifying plants downstream. High sediment concentration
in water also smothers benthic organism and clog gills. It may cause anoxia which can kill
lots of organism in stream. Persistence of sediment in streambed may increase �oodrisk and
may cause deserti�cation downstream.

A related important concept in literature is �ushing e¢ ciency which is basically the
ratio of sediment to the the volume of water used during the �ushing (i.e. Flushing efficiency
= Deposit volume eroded

Water V olume Used . High �ushing e¢ ciency doesn�t necessarily mean the method is de-
sirable as �ushing e¢ ciency is di¤erent for coarse and �ne sediment. Furthermore, the de-
sirability of �ushing e¢ ciency also depends on the types of users downstream. In a related
study, Basson(1997) provided a rule of thumb for �ushing.Using Basson�s index Kw =

S
MAR ;

where S=Storage Capacity of a reservoir and MAR is Mean Annual Runo¤ , Basson�s rule
of thumb was to use �ushing techniques (which is a sediment routing technique) for Kw<0:2
.

Flushing often involves channel formation and management. Once channel of
�ushing is formed, some reservoirs use mechanical assistance to increase the e¢ cacy of the
operation. An example is the use of bulldozer to push the sediment into �ushing channel
of San Gabrield debris basin in Los Angeles. Morris dam also did something similar, but
later discontinued it because of the ecological impact downstream. It is conventionally
agreed upon (Morris and Fan, 1998) that while �ne sediments are taken care of relatively
well by �ushing, coarse sediments and boulder tend to accumulate over time and reservoirs
employing �ushing needs to look at the accumulation of coarse sediments too. Furthermore,
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behavior of coarse sediment and impact of �ushing downstream is an area of research that
has received scant attention.

(4) Sediment Excavation and Dredging: Excavation are costly options and
most of the time, they are the only options once sediments are �rmly deposited in the
reservoir. Excavation option often depend on sediment volume, grain size, geometry of
deposit, available disposal and reuse options and water level and environmental criterion.
Dredging is an operation in which sediment is lifted from the bottom of the surface of a
waterbody and is deposited elsewhere. In the United States, 500Mm3 sediment is dredged
every year. Dry excavation involves completely emptying the reservoir, desiccating the
surface and deposits and using earth moving equipment to remove the silt from the surface.
Hydraulic excavation will require dewatering dredge slurry after it has been removed from
the water surface, so that it can be removed in conventional hauling equipments to dump
elsewhere. In small ponds in the united states, there have been some use of explosives to
excavate sediments, but such use is rare among the large ponds.

Dredging as a long term strategy for reservoir management is possible only if a good
dumping site can be found. Although in many mountainous regions, the river downstream
is considered the natural target for dumping dredged materials, such dumping is considered
environmentally undesirable.

There is a related method called Hydrosuction removal system(HSRS) that uses the
hydrostatic head at the dam to provide energy for sediment removal. HSRS is of interest
because there has been one major economic study of this method in detail (Hu¤aker et
al(2006)). This method is similar to dredging, but it applies the hydraulic head available at
the dam as the energy for dredging and is considered cheaper than dredging. HSRS consists
of a barge that controls the �ow in the suction and discharge pipe and can be used to move
the suction end of the pipe around. The pipe�s upstream end is located at the sediment level
in the reservoir and the downstream end is draped over the dam to discharge sediment to
downstream. Because of this, its applicability is limited to shorter reservoir. This method
is normally considered energy conserving,and environmentally friendly.

0.4.2 Economic Classi�cation

To properly use these methods in our formal model, we provide an alternative
classi�cation for sedimentation removal techniques based on their cost function. It is done
for modelling expediency, but it also serves to emphasize the obvious that economics is not
an engineering in its approach. We classify the techniques by the "economics" of them,
and show how at times the approaches that belong to the same engineering class end up
belonging to the di¤erent economic groups. For the discussion below, we assume that the
sediment yield per unit time into the reservoir is M .

(i) Prevention strategies:These strategies involve the method of rewarding farmers
upstream for their e¤ort. Suppose reservoir owner rewards upstream farmers for their e¤ort
in erosion control.Let pe be the price of water saved by erosion control e¤ort e. E¤ort costs
l per unit and produces reduction e¢ ciency R(e), where e is the amount of e¤ort applied,
R is a continuously di¤erentiable function and 0 � R(e) � 1:Throughout this paper, we
will be assuming this function to be strictly concave so that an unique optima exists. For
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this speci�cation to make sense, we de�ne lim
e!0

R0(e) =1; lim
e!1

R0(e) � 0: This assumption,
along with intermediate value theorem, guarantees that there exists an optimal e such that
peR

0(e) = l: Farmer�s wage, l, could be determined in the labor market exogenous to a
dam operator or ,alternatively, farmers may have the bargaining power and may exact the
wage which is equal in margin to the cost the dam operator could incur by using alternative
strategy. At the end of the strategy, the sediment yield per unit time to the reservoir will
be (1�R(e�))M where e� is an optimal e employed by the operator.

(ii) Fix and proportional cost strategies: These cost strategies involve constructing
a structure that helps in reducing sedimentation yield to the reservoir, and then spending on
annual maintanance of reservoir which is linear in sedimentation removed. For example, one
may construct terraces, diversion channels, grassed waterways, and check dams upstreams
and then spend some money on erosion control each year. The hydrosuction dredging
strategy studied by Hu¤aker et al, in which cost is represented in terms of water lost in
removing sediment, is also proportional cost strategy.

Both (i) and (ii) are independent of the sedimentation level in the reservoir. We
de�ne sedimentation level dependent strategies as follows:

(iii) Quadratic cost strategies: These are the strategies which depend on both
sediment level and total amount of sediment removed. For low level of sedimentation,
the average cost of sediment removed is very high, where as it is lower for higher level
of sedimentation. These strategies need to trade o¤ the reduced cost with the reduced
storage , and therefore one may generally �nd optimal level of both sedimentation level
and optimal siltation removal in these strategies. These methods represent excavation and
dredging strategies. The higher level of sedimentation is also needed if the dumping site
needs to be found each time this strategy is used.

(iv) Uncertain cost strategies: These strategies include strategies where a part
of the cost is uncertain. For example, when �ushing is used to remove sedimentation
from the reservoir, the downstream impact on the environment could be uncertain as high
concentration of sediment tend to a¤ect biodiversity downstream. It also disturbs the
natural pattern of sediment �ow in the river. Since environmental impacts are hard to
quantify, we consider such strategy as an uncertain cost strategy.

(v) Fix and Quadratic Cost strategies: These are the strategies which involve a
�xed cost at the start of the operation and a quadratic cost function for removal of siltation.
Note that routing may involve construction of o¤-channel reservoir or �ood gates at the start
of the operation which is �xed in its nature and then construction of channel to remove the
siltation through low level outlets which is quadratic in its nature.

The table below presents a summary of our classi�cations:
Economic Strategies Corresponding Engineering Strategies
Prevention Strategies Erosion Control, Watershed Management
Fix and Proportional Cost Strategies Erosion Control ( using terraces, check dams);

Flushing
Quadratic Cost Strategies Dredging (Excavation) Strategies
Uncertain Cost Strategies Flushing when environmental costs uncertain
Fix and Quadratic Cost Strategies Routing



12

0.5 Cost of the decomissioning of a Dam

Public�s perception of dam as a clean source of energy has undergone some changes
recently. In particular, the role of a dam as an emitter of green house gas has been asserted
by researchers such as Ruud et al (1993) and Duchemin et al (1995). Duchemin et al
studied methane and carbon dioxide emission in two hydroelectric reservoirs in northern
Quebec for two years and found "above average emission �uxes". Their result showed the
emission �ux (measured in mg m�2d�1)to be �ve to eight times less than what Ruud et al
found out. Though Duchemin et al found the emission was on a much smaller scale than
conventional thermal power plants equivalent amounts of energy, studies done in Brazil�s
Balbina reservoir (Fearnside(1995), Irion et al (1987)) showed that the reservoir produces
more greenhouse gas than coal �red equivalent due to the vegetation inundated by the
reservoir. Such results have made it di¢ cult for large reservoirs to qualify for carbon credit
in carbon markets (Whittington (2007)), eventhough the small hydropower with no forest
inundation often qualify for it.

If large dams are sources of substantial emission, then their actual cost to the
society is likely to be uncertain for long, since there is signi�cant uncertainty related to the
�damage function�: damage to the society due to GHG induced increase in temperature.
Hence the dam operator may know the cost of decomission at any moment, but the cost in
the future is uncertain. This calls for the modi�cation in assumption of Palmieri et al (2001)
that the salvage value of the dam is �xed and constant. This also provides motivation to
learn how sediment removal rate will be changed under such scenario.

There are two main reasons why a reservoir is decomissioned: the owners may
�nd it economically infeasible or the regulatory agencies may demand that the reservoir is
decomissioned. In the United States, Federal Energy Regulatory Commission(FERC) stated
in its statement (made on 12=04=1994) that it has the right to decomission a project when
considering its relicensing request. When a dam is decommissioned, there are three major
issues: (1) what should be done regarding the dam? (2) what should be done regarding
the sediment deposited in reservoir?(3) How should environmental restoration be carried
out? The dam could be left as it is, partially breached or completely removed.The sediments
could be left as it is if dam is left as it is. The other choices regarding sediment management
are to allow natural erosion, construction of a channel through the deposits while leaving o¤
chanel sediment as it is, and removal by mechanical excavation or hydraulic dredging.Some
agencies may demand that the dam operator restore early �uvial condition. In such case, the
dam operator may incur extra costs, apart from sediment management and infrastructure
removal.It is reasonable to assume that the change in the cost related to (1) and (2) are
relatively known and deterministic, but the change in the salvage cost related to (3) will be
uncertain. Such uncertainties also point to the need to study dams in stochastic settings.

0.6 Problem Formulation

Let K be capacity of existing dam, and s(t) be the level of sedimentation at time
t. The reservoir receives sedimentation at the rate of M per unit time. M is similar to
"sediment yield" by a basin to the reservoir in engineering literature.
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In stead of using sedimentation level s(t) as a state variable, we use water level,
w(t), as the state variable. The two variables are equivalent in the sense that w(t) = K�s(t).
We recognize the uncertainty in water level by writing the equation of motion of water
storage capacity as dw = �(M � c)dt + �dz; where the uncertainty is additive and driven
by Wiener process z and the standard deviation parameter, �. This formulation is consistent
with the observation that the arrival of sediment, and therefore the water storage available,
is partly deterministic, as we know they arrive at some rate per year, and partly random.
Let the implicit price of water, net of any dam related damage, be p. Assumption of
nonstochastic p implies that there is no demand uncertainty at our abstraction level.We
abstract from geological models regarding sedimentation removal technologies and assume
the sedimentation removal function is f(c(t); w(t)); where c is the amount of sedimentation
removed. We assume that dfdc > 0;

d2f
dc2

� 0.
The "pro�t function" �(w(t); c(t)) gives pro�t at time t, when water level is at

w(t) and the planner decides to remove c(t) units of sediment. Assumption of risk neutral
planner implies that �(w(t); c(t)) = pw(t) � f(c(t); w(t)) . The planner�s maximization
problem is given by

max
c

R1
0 e��t�(w; c)dt

dw = �(M � c)dt+ �dz ::::::::(1)
with w(0) = K:
Where the additive uncertainty represents the uncertainty related to the amount

of M . In particular, it captures temporal variability in sediment yield1. One may also
consider M as �xed and interpret the variance as capturing the variation in the rainfall
which changes the level of water surface in a large reservoir.Notice that the control decision
and value functions are always written as a function of w, i.e. are Fwt �adapted.

The functional equation of the social planner�s problem can be described as follows:
V (w) = max

c
�(w; c)dt+ e��dtEV (w0)::::::::::::::::::::(10)

After expanding the right hand side using Ito�s calculus and following standard
procedure, one gets

�V (w) = max
c
[�(w; c)� (M � c)Vw + �2

2 Vww]:::::::::::::::::::(2)

(2) implies that the optimal amount of sedimentation removal must satisfy @�
@c =

�Vw: Hence, a general rule of thumb should be that the dam operator should remove the
sediment until the marginal loss of pro�t due to sedimentation removal is equal to the
marginal increase in the value of the dam because of increased water storage capacity.
Notice that this result is independent of any functional assumption on � or V .

Note that w(t)� c(t) is often termed "sedimentation e¤ect on yield" in engineer-
ing literature. Technically, in using storage capacity directly, we are abstracting from the
engineering notion of reservoir yield, which one calculates by using Gould�s gamma func-
tion.Here, we also assume

R1
0 (pw � f(c; w))d� <1 8T to ensure that the problem is well

posed:
To solve (2) more precisely, however, one must determine the precise form of cost

1The exact de�nition of Brownian Motion with drift, as given by dw = �dt + �dz; is that at any time
interval dt, the particle following this motion makes an upward jump of �

p
dt with probability 1

2
[1+ �

�

p
dt],

and a downward jump of �
p
dt with probability 1

2
[1� �

�

p
dt]:
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functions. Since our strategy is to di¤erentiate the sedimentation removal strategies based
on their underlying cost functions, we use the classi�cation of section (3 ) to calculate the
value under di¤erent strategies.

0.6.1 Prevention Strategies

This strategy relies on watershed management. It rewards the farmers for their
e¤ort to reduce the erosion yield. The owner of the reservoir pays to the farmers. This is the
simplest strategy, and in this case the problem is that of (pure) optimal stopping problem.

We use notation introduced above, and denote Reduction E¤ort function as R(e).
At optimal e¤ort level, the �rm incurs the cost of e�l and the siltation yield at the reservoir
is now changed from M to (1�R(e�))M:

The modi�ed problem now is
max
T

R T
0 e��t (pw(t)� e�l)dt

dw = �(1�R(e�))M dt+ �dz ::::::::(10)
with w(0) = K:
Even without calculating explicit solutions, one notices that as long as 1�R(e) > 0,

the dam will have a �nite life, as sedimentation level increases by (1�R(e�))M each period,
and this value is independent of the level of s. Since K

(1�R(e�))M < 1, the �ow becomes
negative in �nite time as both e� and l are constant. Hence the dam will have a �nite life.

Using optimal stopping method, it is straightforward to calculate the optimal T
that will mandate the decomissioning of the dam. We use the method given in page 225,
Oskendahl (2007), to prove that the optimal decomissioning of dam takes place at the time
period when w(t)= el

p :The derivation of this is straightforward. The characteristic function

of �(w; t) = e��t (pw(t)� e�l) is zero when
(pw(t) � e�l) = 0: Thus the decomissioning takes place when w(t)= e�l

p : The fol-
lowing observations are immediate:

1. An increase in the implicit price of water implies that decomissioning of dam
takes place at the higher level of the stock of sedimentation level.

2. The increase in the labor cost to protect erosion, ceteris paribus,increases the
required water level to run the dam e¤ectively. More e¢ cient labor force may decrease e ,
even though the labor cost for them may be higher than l. The cumulative impact of such
case is ambiguous.

0.6.2 Fix And Proportional Cost Strategies

In sediment routing methods, the major cost is in setting up the initial routing
structure. For example, creating a diversion from the river to the reservoir costs some �xed
amount of money. Once such diversions are created ,the amount of sediments routed to the
reservoir could be as low as 3% of what would be without such diversion (as in the case of
Taiwan�s Sun Moon reservoir mentioned in Wu(1991)). Such a small amount of sediment
could be removed either by using "�ushing" during the �ood season, or by using human
labor itself. If, for example, removed by �ushing water, the cost of removing would be linear
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as it would be the product of the price of an amount of water needed to �ush the sediments
out.

A study that provides a clear indication of linearity of cost function is due to
Basson�s (1997): To remove X units of sediment, the volume of water required in sluicing
operations is found to be (3 + 17Kw)X; where Kw is de�ned to be the ratio of storage
capacity to mean annual runo¤. For a constant Kw, it should be clear that the total cost
to remove X unit of water is p(3 + 17Kw)X, a linear equation. Inspired by this example,
we assume �(w(t); c(t)) = pw(t)� �c(t); where 0 � c � K � w.

Equation (2) now becomes
�V (w) = max

c
[pw �MVw + c(Vw � �) + �2

2 Vww]:::::::(3)

Linearity of equation (3) implies that the sediment removal function is a bang
bang in its nature. In particular, the maximizing c is given by

c = 0 if (Vw � �) < 0
K � w if (Vw � �) > 0
Any amount between 0 and K � w if (Vw � �) = 0

if (Vw � �) � 0; we need to solve for the following value function
�V (w) = pw �MVw +

�2

2 Vww:::::::::::::::::::::::::(4)
The solution for (4) can be given explicitly as follows:
v(w) = �Mp

�2
+ pw

� +Ae
�1w

where �1 =
M+
p
M2+2�2�

�2
and A is a constant yet to be determined. Notice that

the solution has two parts,Ae�1w is the solution of homogenous part of (4), where we ignored
the part involving negative root of function �2

2  ( �1)�M �� = 0 to avoid indeterminacy
of value function when w = 0. From (4), It is also immediate that the value of the reservoir
when w = 0 (i.e. when the dam is �lled up with sedimentation) is given by A� Mp

�2
.

We postpone the discussion on the precise identi�cation of the value of A until
after the proposition 1.Precise determination of A involves using a value matching condition:
i.e. the value of the function that solves

�V (w) = pw �MVw + (K � w)(Vw � �) + �2

2 Vww::::::::::::(5)
And equating (4) and (5) at the point where switching function, Vw � �, equals

zero.
Proposition 1: For the dam with the initial storage size K, sediment arrival per

unit time M , and proportional cost reward function given by �(w(t); c(t)) = pw(t)� �c(t)
where p is price per unit of water and w is e¤ective storage capacity, the following statements
are true:

1. If sedimentation accumulation is high enough that water storage capacity is

less than
ln( p+��

A��1
)

�1
; where �1 is the positive root of the equation �2

2 �
2 �M� � � = 0; it

is not worthwhile to remove the sedimentation from the reservoir. In such case, once the
threshold value for sediment accumulation is crossed, the reservoir is quickly �lled up with
the sedimentation and is abandoned.

2. The value of the dam at the time is v(w) = �Mp
�2

+ pw
� +Ae

�1w:

Proof :
The proof of (2) has been derived above in the discussion. The proof of (1)

is straightforward and is a consequence of the calculation of value function. Note that
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Vw = A�1e
�1w + p

� : For this value to be less than �; w <
ln(���p

A��1
)

�1
; assuming ���p

A��1
> 0:

The following discussion involves further assumption that that the planner knows
precisely the two values of the dam: its initial value V (K) = VK ; its salvage value, i.e.
the value when the dam is completely �lled up by the sediments, V (0) = V0: Notice that
assuming the precise knowledge of these two values also means that we can pin down A. It
turns out that, A = V0 +

Mp
�2
:

When (Vw � �) > 0,
�V (w) = pw �MVw + (K � w)(Vw � �) + �2

2 Vww::::::::::::(5
0)

This equation can be solved using power series expansion.
Let V (w) =

P1
i=0 aiw

i:
Then expressed in terms of a0; a1, the recursive representation of coe¢ cients of

the value function is given as follows2:
a2 =

[�k+�a0�(K�M)a1]
�2

a3 =
�(�+p)+(1+�)a1�2(K�M)a2

3�2

...

..
an =

(n+��2)an�2�(n�1)(K�M)an�1
(�2n(n�1)=2) :

Proposition 2: For the dam discussed above, the following must be true:

De�ne w� = maxf0; 1�1 ln
�

�� p
�

(V0+
Mp

�2
)�1

�
g; A = V0 +

Mp
�2
:

1. If the water storage capacity is less than w�, sedimentation removal is not
economically feasible.

2. The value of the dam, V (w), is given by the following expression:

V (w) = �Mp
�2
+ pw

� +Ae
�1w if w � w�

V (w) =
P1
i=0 aiw

i else
where the following conditions determine a0 and a1
VK= a0+a1K + a2K

2+::::
Vw�= a0+a1w

�+a3w�2+::::
and determination of a0 and a1 determines ai; i > 2; as follows:
a2=

[�k+�a0�(K�M)a1]
�2

a3=
�(�+p)+(1+�)a1�2(K�M)a2

3�2

and for n > 3,
an=

(n+��2)an�2�(n�1)(K�M)an�1
(�2n(n�1)=2) :

Proof : Obvious from the preceding discussions.
There are some obvious and intuitive insights con�rmed by the preceding results.

For example, dw
�

d� > 0; i.e. higher unit cost of sedimentation removal increases the threshold
water storage level that triggers sediment removal. Higher salvage value, Vo; increases overall

2The appearance of recurrence relation in solving di¤erential equation using power series method is
something one often encounters in the literature. For example, the solution of Chebhyshev equation is also
given in terms of such recurring relation among the coe¢ cients of power series expansion of the function
that solves the equation.
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value of the dam even when sedimentation is infeasible. The following proposition discusses
the impact of uncertainty on the value of the dams:

Proposition 3. (Impact of uncertainty) In reservoirs with low sediment arrival
rate(M) and su¢ ciently low salvage value , the increase in uncertainty regarding the sedi-
ment arrival increases the threshold , w�; which triggers inaction on sediment removal. In
particular, for the dam above the following relationship holds:

dW �

d�2
> 0 if M ! 0 and e�1 < ���p

A��1
< 1; and dW �

d�2
< 0 if M ! 0 and

0 < ���p
A��1

< e�1; where e = 2:71, the exponential constant.

Proof : Since w� = 1
�1
ln(�p+��A��1

) where �1 =
M+
p
M2+2�2�

�2
; we have dw�

d�1
=

�(1+ln �p+��
A��1

)

�21
: Note that this expression is negative for e�1 < ���p

A��1
< 1 and positive for

0 < ���p
A��1

< e�1:

It is deceptively di¢ cult to sign d�1
d�2

: However, when M is close to 0, we can sign

this expression. Note that d�1
d�2

=
�2��(M+

p
M2+2�2�)

p
M2+2�2�p

M2+2�2��4
: Therefore, lim

M!0
d�1
d�2

< 0:

The proposition follows after combining these two results.
On Decomissioning:
In general, the dam would be worthless if V (w) = 0; the value is increasing in w

and sedimentation removal is no longer feasible at w at which V (w) = 0: For some dams
around the world, in particular , Loess Plateau of China(Voegele(1997)), the salvage value
has been positive, i.e. V0 > 0; and premature decomissioning of dam is not considered
(apparently, the salvage value is positive because in the highly erosion prone zone, the
reservoir, once silted up, is expected to provide a fertile land valuable from the agricultural
point of view). If it is not the case, then one looks at V (w�) where w� is the level of water
at which sedimentation removal is no longer considered feasible: If V (w�) > 0, but V0 < 0;
then the decomissioning of such dams should take place sometimes after the sedimentation
removal is stopped. If V (w�) < 0, then the dam is decomissioned even when sedimentation
removal is still being carried out.

Another point of interest is the impact of global warming on decomissioning. As-
suming that the global warming causes the �uctuation in temperature which a¤ects the
melting rate of snows in the Himalayas (or in similar way a¤ects the source of water), it will
be natural to assume that global warming may increases uncertainty parameter, and this
implies, by proposition (3), that the threshold that triggers inaction on sediment removal
will be higher. This in general implies reduced age of the dams.

Hooper(2007) observes that the impact of global warming is likely to be felt
by increased erosion . This corresponds to the increased M in our model.Since dw�

dM =
�signj�� p

� j; this implies that increased M decreases w� if initial value of w� > 0. Hence
sedimentation removal is stopped at lower water storage capacity level as M increases. It
may be interpreted as the desire to extract as much water as possible before abandoning
the dam.
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0.6.3 Quadratic Cost Strategies

In this section, we are concerned with the sedimentation removal strategies that
have convex shaped, quadratic cost functions. The convexity of cost function is with respect
to the amount of sediment removed,c. In particular, we assume the cost function is given

by f(c; w) = 1
2(c +

^
cG(w))2: Our assumption on cost function implies that marginal cost

has a slope of unity and an intercept
^
cG(w) at each w. Such assumptions are reasonable

for the technology that requires di¤erent level of external e¤ort for di¤erent level of water
(or sediment). Notice that @

2f
@c2

= 1 > 0: The cost function is convex in c, and at each level

w, the function has minimum at c = � ^
cG(w): This cost function recognizes the fact that if

the sediment removal were a one-shot decision, then an optimizing sediment removal would
depend on the level of sedimentation, i.e. w, and the dependence is given by a functionG(w).
At w = K, the optimal sedimentation removal should be c = 0 as there is no sedimentation
to remove, implying G(K) = 0. Similarly, if we admit the possibility of dam decomissioning,
then at w = 0, the optimal sedimentation strategy should be c = 0, otherwise, it would
always be optimal to remove some sediment from a "totally �lled up" dam and the dam
would never be recomissioned. These two arguments implies that G(0) = G(K) = 0 in static
setting. However, such implications are no longer necessarily valid in dynamic setting.

We can rewrite the equation (2) as follows:

�V (w) = max
c
[pw � 1

2(c+
^
cG(w))2 � (M � c)Vw + �2

2 Vww]::::::::::(6)

Equation (6) implies that the optimal amount of sedimentation removal is achieved

by setting c = minfmax(0; Vw �
^
cG(w));K � wg: It is clear that this decision is not same

as the decision that would be if the decision maker ignored the dynamic aspect of the

decision making, in which case, c = -
^
cG(w): In particular, whenever Vw � 0; one always

removes (weakly) more sediment if he explicitly takes into account the dynamic aspect of
sedimentation accumulation process,and this increment is given by Vw: In particular, the
decision maker equates marginal cost of removing sediment with the gain in value due to

increased water storage capacity. Replacing c in (6) by c = Vw �
^
cG(w); one gets the

following Dirichlet problem as an expression for the value function:

�V (w) = pw + 1
2(Vw)

2 � (M +
^
cG(w))Vw +

�2

2 Vww:::::::::::::::::(7)

V (0) = V0;V (K) = VK :
Equation (7) is a nonlinear equation, and not only it is hard to solve analytically,

if not impossible, it is also not amenable to usual shooting methods that is used in solving
nonlinear ordinary di¤erential equations.

Before we solve for the value function, we discuss some qualitative properties of
sediment removal function, c. The following observations are immediate:

Proposition 4: (i) Gw > (<)Vww^
c
implies @c

@w < (>)0 . These conditions suggests

if the graph of G is convex and Vw
^
c
is downward sloping in such a way that G intersects the

curve of Vw
^
c
twice, once at w1 and once at w2 with 0 < w1< w2< K ,then ,the planner
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starts removing the sediment when the sediment level is K � w1 , and stops removing when
it is K � w2 .

Proposition 4 provides us a necessary condition on cost function which leads to the
condition that the removal of sediment is desirable only after a certain level of sediment has
been accumulated. It also clari�es the role of G(w) in our formulation. A characterization
of this is given in �gure (2).

Notice that it is intuitive to think of G as a function which decreases as w ! K, as
marginal cost of sedimentation removal should be decreasing as the level of sedimentation
accumulates up initially. For example, if there are scarcely any sediments, removing them
would require high cost, but it is reasonable to assume such cost to go down at least
initially when sediment starts building up.Precise determination of critical value of w that
triggers sediment removal can be expressed in terms of curvature of the unknown function,
V . Notice that c(K) = 0, and hence for the water level near K, one gets c(K � ") =

c(K)� c0(K)"+higher terms: Since c(K) = 0, and c0(K) = Vww �
^
cGwjw=K ; it is clear that

c(K � ") > 0 i¤ Vww �
^
cGwjw=K < 0; i:e: if Gw > Vww

^
c
:

Two special cases are worth mentioning: if the graph of G(w) doesn�t touch the
graph of Vw

^
c
; then either G(w) is entirely above Vw

^
c
or is entirely below Vw

^
c
. In the �rst

case, sedimentation removal is never feasible and in the second case, one always removes
sediments, no matter how much it has accumulated. The �rst case relates to the situation in
which marginal cost of removing sedimentation is very high at each level of sedimentation.
In the latter case, it is very low, and it makes economic sense to remove sedimentation at
each level.

Before analyzing the numerical solution of equation(7), we note why this equation
not amenable to three usual methods used in numerical analysis (i.e. Runge Kutta type
shooting method, Finite Di¤erence Methods and Rayleigh Ritz methods, for detailed discus-
sion of these methods in solving higher order di¤erential equations, see Stanoyevitch(2005)).
Usually, Runge Kutta methods are considered better for linear di¤erential equations, and
our system is nonlinear, because of the presence of V 2w term. The nonlinear shooting meth-
ods , which are used to derive numerical solutions of nonlinear boundary value problem
like equation(7) above, don�t work well in our case. In these methods, one starts from one
boundary value , and chooses slope optimally to shoot for another boundary value. To
see why such method doesn�t work well, de�ne an autonomous system of equations in the
following way; Let U = Vw; Uw = Vww : Near the origin, it is clear that�

Vw
Uw

�
=

"
0 1
2�
�2

1
�2
[2M + 2

^
cG� U ]

# �
V
U

�
;

and the determinant of the Jacobian , �2�
�2
;is negative. This implies that the

corresponding equilibrium, i.e. the origin, is saddlepoint in this system. In such a system,
using nonlinear shooting method is very slow in recovering the only solution curve that
converges to the origin in this example, irrespective of how close we start our search.

Finite di¢ rence method has hitherto been a tool of choice for many economists,
including Dixit and Pindyck (1994),Majd and Pindyck (1987),and He and Pindyck(1992).
From a computational point of view, it is often easy to ascertain the convergence of the
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method and especially in linear di¤erential case3, the method is easy to implement . How-
ever, in our problem, note that when the ratio of the coe¢ cient of Vww to the ratio of
coe¢ cient of Vw (also called inverse péclet number in ODE literature) is very small, then
the numerical approximation of the function being estimated tend to show sharp change
in their slope in one particular region. Such region�also called boundary layer�routinely
arises in situations where the terminal value of the function is �xed. Inverse peclet number

could be small if �
2

2 is very small and
1
2Vw is not close to the value given by (M +

^
cG(w)):

In our case, if the legislation requires that a reservoir operator ful�ll a particular obliga-
tion at the time of decomissioning, but mandates no obligation when such reservoirs are
still operating (or imposes requirements that are signi�cantly di¤erent when the reservoirs
are still running), then one naturally obtains two boundary conditions, but the small �

2

2
will mean for the most part, Vww , doesn�t play a role except at a small interval of time
(for example, there may be a sharp jump at the time of decomissioning). We provide a
characterization of such boundary layer in the appendix, and note that in our problem,
the width of such layer could be arbitrarily large due to the nonlinear presence of Vw (See
appendix 1). This leads to our inability in making good initial guesses about the location
of such layer, and this will make it hard to employ �nite di¤erence method for nonlinear
equations. (See LeVeque(2007) page 46 for further explanation). Furthermore, �nite di¤er-
ence methods are extremely slow to converge as they have large sparse matrices that eat up
a lot of memory with storage and tends to be slow even when using special methods such
as Thomas method to "handle" tridiagonal matrices that arises in such setting. We use
a slight modi�cation of such Rayleigh-Ritz (or Rayleigh-Ritz-Galerkin) methods which is
more �tting in our context.Our approach is a slight modi�cation of Judd(1992)�s projection
method. The Projection method , which is similar to the �nite element method except that
the basis function chosen is chebyshev basis, takes global approach in solving nonlinear
Hamilton Jacobi Bellman equations such as the one in (7) and is a huge improvement over
existing methods ( Dangl et al. (2004)).

0.7 Numerical Results:

0.7.1 Method Description

We slightly modify Judd (1992)�s projection methods to get the value function
given in (7). Judd�s method relies on the following major steps. First, one decides the
"node" points where the functions are evaluated. The value function is considered to be
linear combination of basis functions . There are di¤erent options for choosing basis func-
tions, and often the major criterion for choosing them is that they must be orthogonal to
each other. In Judd�s method, the preferred basis function is Chebyshev functions. At each
node, one evaluates the given functional, and derives error. Projection method depends on
the observation that the projection of error function on any arbitrary basis function must

3For example, the �nite di¤erence method often reduces to AV=P, where V is desired value, A is a matrix
(which is often tridiagonal) and P is a right hand matrix that often incorporates boundary conditions. If
the inverse of A is bounded (so called stability condition), and local truncation errors vanish in norm (so
called consistency condition), then the method is said to be convergent.
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be identically zero. This observation, a foundation of �nite element method, is also cru-
cial in projection method. This observation helps in calculating the coe¢ cients of the basis
functions. The sum of these coe¢ cients multiplied appropriately to their basis functions
gives us an approximation of the value function.

The following method provides the sketch of our solution method. We refer to it
as a Modi�ed Projection Method(MPM) since it slightly modi�es the projection method.

We assume that value function, V , that solves (7), takes the following form:
^
V (x) =

nX
i=0

ci�i(x):::::::::(8)

Here ci are coe¢ cients, �i(x) are basis functions. Our choice for f�i(x)gni=1 are
Chebyshev basis functions of �rst kind. The nodes where we evaluate these functions
are given by Chebyshev nodes as numerical analysis theory and empirical experience fa-
vor the use of Chebyshev nodes (Miranda et al (2002), page 119). These basis func-
tions for the interval [a; b] are de�ned as follows: �rst we normalize the interval [a; b]
into the interval [�1; 1] and de�ne z = 2(x�a)

(b�a) � 1; where x�[a; b] is a chebyshev node.
The Chebyshev polynomials are de�ned recursively as follows: �j(x) = Tj�1(z); where
T0(z) = 1; T1(z) = z; ::; Tn(z) = 2zTn�1(z) � Tn�2(z). N Chebyshev nodes in the inter-
val [a; b] are given by xi = a+b

2 + b�a
2 cos(N�i+0:5N �); i = 1; 2; :::; N: The derivative of V (x)

with respect to x is given by V (x) =
NX
i=0

ci
d�i(x)
dx . The derivative of nth Chebyshev basis

function of the �rst kind is often expressed in terms of Chebyshev basis function of second
kind(U) in the following way:d�ndx = nUn�1: U is de�ned as follows: U0 = 1; U1 = 2x and
Un = 2xUn�1 � Un�2:

Judd�s method de�nes an operator F over a function space B such that V , the
solution of equation (7), is de�ned in B and that F(V ) = 0; where

F(V ) = pw+ 1
2(Vw)

2� (M +
^
cG(w))Vw+

�2

2 Vww��V . It should be clear that the
function V that satis�es F(V ) = 0 and two boundary conditions, V (0) = V0; V (K) = VK ; is
the solution of our problem. In these methods, the number of basis functions to be used,n, is
chosen progressively; i.e. we increase number of basis functions until nothing more is gained.
Now, de�ne F(V ;!c ) as residual function given !c is chosen as the appropriate coe¢ cient of
our approximation method. This involves �rst guessing c and iterating until the system of n

equations
D
F(V ;!c ); �i(x)

E
2
are identically zero, where h; i2 denotes inner product, which

generally takes the form,hg1(x); g2(x)i2 =
R
w(x)g1(x)g2(x)dx; for some suitably chosen

weight function w(x) . In this numerical setting, one is unlikely to get exactly zero, so one
stops once the norm of the error is within a reasonable tolerance. The inner product is
calculated by using Gaussian quadrature methods.

Our implementation of Judd�s projection method uses the properties of coe¢ cients
of derivative of the value function expressed as the linear combinations of Chebyshev basis
functions. Note that due to nonlinearity of (7), the projection method is extremely slow
to run. To speed up the implementation, our method uses the following property of the
coe¢ cients of a value function. In particular, if V (x) = C�(x) = c0

2 �0(x) +
P1
i=1 ci�i(x);

then V (n)(x) = c
(n)
0
2 �0(x) +

P1
i=1 c

(n)
i �i(x); where (n) refers to the degree of di¤erentiation.
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For example,n = 1 refers to the �rst degree of di¤erentiation, n = 2 refers to the second
degree of di¤erentiation. De�ne C = [ c02 c1 :: :: cN ]

T : We note that c(n+1)r = 2
P1
i=0(r +

2i + 1)c
(n)
r+2i+1; r = 0; 1; 2; ::; N ; c

n
i = 0 for i > N . This leads to the formula for coe¢ cient

matrix for nth derivative of V (x) which is given by V (n)(x) = 2n@nC�; where @ is de�ned
as follows4:

for odd N , @ =

26666664

0 1
2 0

3
2 0

5
2 ::: ::: :::

N
2

0 0 2 0 4 0 ::: ::: :::0
0 0 0 3 0 5 ::: ::: ::: N

::::::::::::::::::::::
0 0 0 0 0 0 ::: ::: ::: N
0 0 0 0 0 0 ::: ::: ::: 0

37777775
(N+1)�(N+1)

for even N ,@ =

26666664

0 1
2 0

3
2 0

5
2 ::: ::: :::0

0 0 2 0 4 0 ::: ::: :::N
0 0 0 3 0 5 ::: ::: ::: 0

::::::::::::::::::::::
0 0 0 0 0 0 ::: ::: ::: N
0 0 0 0 0 0 ::: ::: ::: 0

37777775
(N+1)�(N+1)

Then our goal is to �nd the degree of approximation, N , and corresponding coef-
�cients for the solution function, V . There are therefore two loops, the �rst determines N
and the second determines the coe¢ cients, in MPM.

The algorithm , step by step, is detailed as follows:
(1)First, calculate c1;c2 which solves
c1�1(0) + c2�2(0) = V0
c1�1(K) + c2�2(K) = VK

This gives a tentative solution,
^
c1 = V0;

^
c2 =

VK�V0
K : De�ne Cold = [c1 c2];

{OUTER LOOP BEGINS}
(2) N = 3,Flag=True.
(3) De�ne tolerance
(4) Repeat until Flag is True
(i)Get N Chebyshev basis functions.
(ii)Get N � 2 Chebyshev Nodes in the range [0;K]. Retain the endpoints as

two other nodes.
{INNER LOOP BEGINS}

(iii) At each nodes wi; calculate
^
V w(wi) using Cold and N � 1 basis functions

evaluated at nodes wi.

(iv) De�ne matrix P0= [��
2

2 (4@
2) + (M +

^
cG(wi)�

^
V w(wi)

2 )(2@) + �IN�N ]:
De�ne matrix P as the matrix that has two more rows appended to P0.

The two rows are basis functions evaluated at points 0 and K.
(v) solve for C in P�C = [pw;V0;VK ]

4Such properties of Chebyshev polynomials are exploited by Sezer et al (1996) in solving linear di¤erential
equations with variable coe¢ cients.
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(vi) use this C to calculate Vw(wi). Repeat (iv) and (v) until the value of Vw
doesn�t change.

{INNER LOOP ENDS}
(vii) set Flag = False if norm of di¤erence between two values in some �xed

predetermined nodes is smaller than the tolerance. Else set N = N + 1, and go to (2).
{OUTER LOOP ENDS}
Notice that step (v) is linear in C and is hence as long as the matrix P� is well

behaving, calculation is easy. Unlike nonlinear equations where one requires good initial
guesses and iteration using Newton�s method (or some other sophisticated methods), this
method requires us to invert the matrix.

The weakness of this algorithm is that it requires both processes that guide the
loops to be convergent. We are still working on the precise determination of stability region
for this algorithm, but when the algorithm works it seems to work very quickly. There are
three tricky steps that require elaborate understanding: (1) In step vi, the di¤erence in
the value of Vw may not decrease over time as one gets new coe¢ cient values. (2) In step
v, the matrix that is to be inverted may be ill conditioned, in particular if the elements
are either too small or too large and (3) In step vii, the convergence of V may not be
achieved as N increases. We ignore such technical details for now, but users unfamiliar with
the programming aspects involving matrix in solving di¤erential equations and iterative
convergent processes are advised to heed these aspects. Furthermore, though stability
of spectral methods are reasonably well understood (see Trefethen (2000)), stability of
projection methods are still not very well understood. Often, the best approach is "compute
and verify" approach, in which the programmer computes and veri�es the results after
they are calculated. Another good option in testing the e¢ cacy of this method, which we
have taken, is to write the code for nonlinear shooting methods, use appropriate parameter
values where the nonlinear shooting method works and compare the result of such nonlinear
shooting method with that of the method presented here and see if they match.

0.7.2 Calibration

We calibrate the model using the data from Tarbela dam in the Indus River in
Pakistan, when possible. Tarbela was constructed as a consequence of the World Bank
facilitated mediation between India and Pakistan following a decade long water sharing
crisis between the two south Asian countries. Tarbela dam is an important dam because the
designers of the dam were aware of possible sedimentation impact during the construction
phase. It is a large project, providing 11:48 billion cubic metres(bcm) storage and 3478
MW electricity and is often cited as a dam that is a¤ected by sedimentation accumulation
problem. In addition, it is one of the seven Focal Dams studied by World Commission on
Dams (WCD) and hence is among the most studied dams in the world. Furthermore, this
dam is also cited by major studies related to sedimentation management. We use data
related to the Tarbela dam in calibrating our model, whenver it is possible.

The primitives of our models are the following, the total capacity of the dam, K,
the implicit price per unit of stored water(p), annual sedimentation rate (M), its variance
(�2); upstream wage rate that determines cost of sedimentation removal,l, Reduction E¤ort
function , R(e), intercept of marginal cost of sediment removal in quadratic cost strategy
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(
^
c;G(w)); and linear cost function parameter, �: Here, we discuss their determination in
detail.

The Usable Storage (K) of Tarbela dam is 11:48 bcm. The mean arrival rate of
sediment for 1974 � 1999 is 0:105. The standard deviation of sediment arrival is 20% of
the mean arrival rate. However, a note of the caution is that the sedimentation survey of
Tarbela dam was started �ve years after the dam was operational, in 1979. Initially, it was
estimated that the reservoir would silt up at the rate of 2% per year and the life of dam was
predicted to be 50 years (Lieftinck Report(1968)). One observes that there are no obvious
correlation between sediment arrival rate in one year and the previous or next year. In fact,
the reduced sedimentation in 1979�1982 is contributed to the reduced river �ows, as those
were dry years.

The cumulative economic bene�t of water of Tarbella dam for 1975 � 1998 in
terms of 1998 dollars is estimated to be 2987:8 million dollars and in terms of 1965 dollars
is estimated to be 577:9 million dollars (see Table 3:6, WCD(2000)). We regard 1998 as
base year, and regard the implicit price per bcm to be 260 million dollars. We use ten
million dollars as a unit and set p = 1.

Tarbela dam lies close to the Himalayas. Indus River is joined by four other
tributaries upstream, Shyok, Hunza, Gilgit and Siran rivers. Only Siran river drains mon-
soon in�uenced area of 10; 200 km2; which is only 6% of total catchment area of the Indus
River.There is little prospect of a¤orestation and sedimentation management by utilizing
best management practice upstream is limited to less than 6% of its catchment area. 94% of
its catchment area is said to be either hyper arid or semi arid. A¤orestation �a prevention
strategy�was carried out with the help of forest department of North Western Frontier
Province (NWFP) in collaboration with the WAPDA but it is considered that Tarbela
watershed management program has a very limited impact (WCD(2000)).

Technological impossibility of making a conduit that could withstand the velocity
of sediment in the reservoir (estimated to be 9 � 13 meter per second in June-July) was
apparently the major reason why the makers of Tarbela dam didn�t opt to use the sluicing
technology as a mean to remove sediments from the reservoir. At the time,these still conduits
in the tunnels could withstand 6 m=s velocity only. 50% of annual sedimentation is carried
during June-July, but sluicing them away also meant almost 60 days of no power production,
and it was also politically considered undesirable at the time. (Lieftinck report (1968)).
Other geological factors, such as broadness of the valley and depth of alluvium underlying
the dam, were also cited in opting out of sluicing as an option. The only strategy being
used by the dam operator rightnow is to progressively raise the minimum reservoir level ,
so that the sediment delta wouldn�t reach the dam, but it is predicted that the live storage
of the dam would be reduced at the faster rate due to this strategy.

The planners in Tarbela also ruled out dredging as an option. They estimated
that removal of sediment would cost almost Rs 27 billion (approximately US$650 million)
per year(WCD (2000)). The report doesn�t provide the cost function used in calculating
the estimate. The WCD report also mentions a proposed strategy to evacuate sediments by
constructing high capacity outlets from the left or right bank for sluicing or �ushing. How-
ever, none of the e¤ective sedimentation strategies are in place. Our calibration therefore
makes other assumptions about the cost functions.
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Basson�s (1990) conclusion was that the water volume required to remove one
unit of sediment is typically 7 � 50 units. The variance is primarily due to di¤erent
surface conditions in di¤erent dams. Palmieri et al (2003) infer from this information a
linear cost function given by f(c; w) = (3 + 17Kw)c; where Kw is the ratio of storage
to mean annual runo¤. The mean annual runo¤ of Indus River is estimated to be 80920
million m3(TAMS(1998)) or 80 bcm approximately: Thus, Kw for Tarbela is 0:14, our linear
function is given by f(c; w) = 5:3c. Hence we set linear cost function parameter � = 5:3:

It is hard to exactly pinpoint what the quadratic cost function looks like in Tarbela.
Evacuation of sediment could be roughly classi�ed as a quadratic cost function which is
convex in the amount of sediment removed, as limited amount of labor and machines are
available to remove the sediment. Furthermore, we assume the cost function to be dependent
on the level of sediment. In particular, if sediments are perched on the deeper level, it is
reasonable to assume the marginal cost will be higher. Our assumption of cost function,

f(c; w) = 1
2(c +

^
cG(w))2 implies the marginal cost function c +

^
cG(w): This cost function

implies an additive e¤ect of water storage level. In particular, it assumes that the marginal

cost function for a �xed w has a �xed intercept
^
cG(w) and a slope of 1. We calculate

the cost function for evacuation of sediment from the surface as given in WCD (2000) and
use the following parameters for our calibration. Assuming the sediments are located at
lower 20% part, we use the fact that it costs approximately $700 million to remove 1:1 bcm

sediment to calculate
^
c = 8 for G(w) = w.

We set VK = 925:8; as it cost $9258 million dollars in terms in 1998 dollars to
construct the dam. We set V0 = 0.

A complete list of parameters used for our calibration is given in Table(2).

0.7.3 Results

First we note that for the parameters given in Table (2), 1�1 ln
�

�� p
�

(V0+
Mp

�2
)�1

�
=

�:0087 < 0: This implies that w� = 0: This suggests that for the case of the linear cost
function, it is never advisable to give up removing the sediments from the reservoir. But
since the control rule is bang-bang, it follows that, at any level of w, one will remove all the
sediments accumulated at the reservoir. This implies that for this particular cost function,
Tarbela is an economically sustainable reservoir. A tentative value function for N = 4 is
given in Figure (2). Though the value is obviously way o¤, as we use a truncated power
series truncating at N = 4 in stead of,say, N =1, it is given in the �gure as an illustration.
The appendix (2) also provides a tentative solution method. It is also clear from the �gure
that increase in M reduces the value function, as claimed. Several results were obtained
analytically in the case of linear cost function and were given above in the section pertaining
to linear cost function.

The crux of our computational work involved the quadratic cost function.
Figure (3) provides the basic result for the data from Tarbela reservoir. The

control rule stipulates that for the current projection of cost, which is considered too ex-
pensive by WAPDA (WCD(2000)), the dam is still sustainable but it is pro�table to leave
the dam silted up until its storage is about 2:5bcm. Part of the reason is our assumption
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of G(w) = w, which implies that the deeper we reach for sediment removal, the higher the
�xed cost of removing sediment would be. Hence letting the dam silt up has the advantage
of decreasing the cost. Value function is observed not to be monotonic in water storage
level, in particular the value is maximized near mid reservoir level. There may be several
reasons why we see such maximization. One major reason is that running dam sustainably
would require the dam to have the sedimentation level somewhere at the point where it
is cost e¤ective to remove the sediment on regular basis. At the zero sedimentation level,
while the dam�s value is large, it is larger at the level somewhere less than zero because
at that level the sediment removal is cheaper. Given that Tarbela is now about 20% silted
up, according to our assumption, it may reach its maximum value soon, and beginning to
remove sedimentation at that level will be economically optimal5.

Figure (4) and (5) implies that we observe a monotonic relationship of value and
control rule with respect to increase or decrease in variance. The value function decreases
at all level with the increase in variance. There are various explanations for that. One
mathematical intuition is provided by perturbation theory. Note that when �2 is small,
equation (7) behaves like a boundary value problem with small inverse péclet number. This
implies that value function makes a sharp jump at one of the boundary layers that arise in
such situation. Higher value of variance means the function doesn�t make such a sharp jump
to meet the boundary condition. This implies that the value function under higher variance
is beneath the value function under lower variance. An economically intuitive interpretation
can be understood using Jensen�s inequality, which is a standard toolkit to understand the
impact of variance in the value function. Note from the observation of �gure(3) that the
value function is concave in water storage level. As such, the increase in the variance of
water storage level is less desirable and results in decreased value function.

The control rule decreases with the increase in variance. Uncertainty leads to less
and less of sedimentation removal. One explanation of this result is that since uncertainty
implies less value for each storage level, the planner will have less incentive to remove
sediment as uncertainty increases and cost remains constant. The other explanation is due
to Jensen�s inequality just as in the case of value function, but now we note that the cost
function is convex.

The impact of high variability of sedimentation arrival rate has implication on
the reservoirs sustainability. As temperature �uctuates, from one extreme to another, the
sedimentation arrival rate will show variance. Higher temperature are likely to cause more
melting in the Himalayas and more sedimentation arrival. Lower temperature will decrease
both melting and sedimentation arrival. This is especially true in snowfed river like Indus.
The source of �ucutation in temperature is di¢ cult to explain, but often the �uctuation is
related with the warmer temperature6. As such, we can expect the value of large reservoirs
to go down , ceteris paribus, as climate change induced variation in sedimentation arrival
rate increases.

5Readers are advised to heed the caveat that this result is also expected and was driven by our assumption
of cost function, in particular, G(w)=w. Note that if G(w)=w, then in �gure (1), G(w) is likely to cross
Vw
c
only once.Our result is useful both in verifying our computation and in emphasizing the role of proper

understanding of cost function and its shape in sedimentation management.
6See for example a recent report on a research conducted on this issue as reported in an European Commis-

sion website http://cordis.europa.eu/fetch?CALLER=EN_NEWS&ACTION=D&SESSION=&RCN=31691
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As we noted earlier (i.e. Hooper(2010)), global warming implies higher erosion.
Higher erosion increases the sedimentation arrival rate at the reservoir and this leads to the
change in the value of reservoir. Our model shows that increase in the sedimentation rate
decreases the value of the reservoir, in particular at the lower storage level. (Figure (6)).
This is because increased sedimentation implies increased cost of removal of sediment.The
cost of removing the storage is high at the lower level and therefore, increase in sediment is
likely to decrease the value of the reservoir. Moreover, as Figure (7) shows, the increased
sediment arrival implies increased sediment removal at all level where sediment removal is
optimal.

Discount rate features in our model in two important ways. The �rst is that
discount rate has its traditional meaning regarding the patience of the society.For example,
it is expected that higher discount rate encourages individuals or society to consume more
today. It also enters our model in a di¤erent way (see next chapter). If the society faces
uncertainty about the future of the reservoir, its decision making , under some assumption
about the nature of such risk, is akin to increased discount rate. Figure (8) implies that
increased discount rate increases sedimentation removal at the lower level water storage.
Impatience in this case doesn�t mean the policymaker will lessen the sedimentation removal.
At all levels of water storage, increased impatience also increases the value of reservoir by
a small amount. It is possible that uncertainty about the future makes people value the
reservoir more. Both of these results imply that increased discount rate will not lead to
social planner scrambling to abandon the reservoir by decreasing sedimentation removal.

The impact of increase in price is also re�ected in the increase of value of the
reservoir in the entire domain except at the end points. Figure (9) shows this expected
result. Figure (10) shows that the impact of increase in implicit price on sediment removal.
Higher price led to the increased sediment removal, as water is now more valuable.

The results above were all conditional upon several things: that the cost functions
were of a particular form, that the social planner was risk neutral and that the sedimentation
arrival rate followed a certain temporal path. The debates underlying large reservoirs are
often hard to address particularly because in most of the cases most of these functions are
also less understood. In deed, the reservoir management literature is only recently trying
to understand various aspects of reservoir managements. For example, there are very few
works that explain the role of di¤erent factors in contributing erosion in the reservoir.Paci�c
Southwest Interagency Committee�s watershed inventory method is often used in predicting
sediment yield from watershed condition but it is a very speculative method. Similarly,
few literature exists that explain the precise nature of cost function for removing sediments
from the reservoir. As WCD report made clear, the systematic study of reservoirs have
recently begun, and hence there is still a lot of scope for identi�cation of di¤erent parts of a
reservoir�s economic system to make a precise and integrated statement about the system.

0.8 Stochastic Salvage Value

In the paper above, we assume V (0) is known. V (0) is the salvage value; the value
of the dam when the dam is �lled up by sediment. The assumption can be weakened in
two major ways: one is the fact that a dam may be destroyed at a random time due to
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catastrophy or big �ood, the arrival of which is unknown. The salvage value at the time
may then be known, but since the arrival of such event is probabilistic, the overall setting
for the problem has to be revised, since the decision maker now has to take into account an
extra factor: the probabilistic event that the dam may be destroyed at any time. The other
modi�cation of the assumption is due to the fact that the planner, looking at the future
from the current time t and current sedimentation level w(t), may not know exact value of
V (0). This may happen because of the change in perception of public about the value of
large dam or due to the arrival of new information regarding the role of the large reservoirs
in events such as greenhouse gas accumulation whose exact impact are uncertain but being
learned over time.

In our model, we tackle the issue of stochastic salvage value in the following way:
at any time t, due to changing perception about the dams, there is a probability � (a
constant hazard rate) that government will introduce a new regulation which will reduce
the pro�t from �(t) to (1 � �)�(t): We simplify the problem by assuming that such tax is
permanent, and irrevocable. Though simple, this covers both issues mentioned above. The
risk of big catastrophe means � = 1 or a value close to 1. It covers the second case in that
a planner may not know the value of V (0), but assumes that the value of V (0) is likely to
change in a speci�c way(due to the introduction of a new tax).

Our next proposition provides an illustration of an extreme case in which a policy-
maker faces the closure of dam (either due to catastrophe or due to government regulation).

Proposition 5. Assume a dam operator faces constant hazard rate, �, of closure
. The impact of such hazard rate is similar to the increase in the discount rate by hazard
rate.

Proof : This is entirely expected and the proof closely follows the one given by
Yaari(1965) in life time saving analysis. First, since constant hazard rate implies exponen-
tial distribution of arrival rate , the survival rate (S(t)) is given by e��t: We denote the
probability density function of hazard as f(t)(= �e��t). The maximization problem is now
given as

max
c

R1
0 [
R t
0 e

�rs�(c(s); w(s))ds]f(t)dt

s.t.
:
w = �(M � c)dt+ �dz

with usual initial conditions.
We note that d

dt(
R t
0 e

�rs�(c(s); w(s))ds)
= e�rt�(c(t); w(t)):
Let u =

R t
0 e

�rs�(c(s); w(s))ds;
du = e�rt�(c(t); w(t))dt;
v = F (t); dv = f(t)dt: This implies thatR1
0 [
R t
0 e

�rs�(c(s); w(s))ds]f(t)dt
=
R1
0 e�rs�(c(s); w(s))ds�

R1
0 e�rsF (s)�(c(s); w(s))ds

=
R1
0 e�(r+�)s�(c(s); w(s))ds (using the fact that S(t) = 1 � F (t)). Hence the

policymaker facing uncertain future will act just like before, except he would nice discount
more.
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0.9 Sedimentation Removal and Sustainability of Reservoirs

Sustainability of dam is a topic of interest when talking about the consumption of
natural resources. If our use of natural resources precludes future generations from using
these resources, then it may not be a just policy when viewed from the eyes of future gen-
erations. In particular, using Rawlsian notion of justice, when generations make decision
using veil of ignorance about which generation they belong to, if they are unlikely to decide
to make reservoirs, then such reservoirs are made unjustly (Rawls (1972)). Sidgwick put
this statement di¤erently by demanding anonymity in such utility ranking:i.e. the out-
come of a preference ordering among di¤erent welfare paths between generations shouldn�t
di¤er based on which generation is making the decision . Unfortunately, the concept of
intergenerational equity has yet to be incorporated satisfactorily in economics: the major
instrument in NPV calculation is a positive discount rate that leads to the �nite NPV of
in�nite stream of incomes. The formal models are inadequate in producing desirable results
(Chichilinksy(1996)). Some sort of contradictions plague almost all proposed models such as
paternalistic consumption models, paternalistic utility model, Chichilinsky�s model (guar-
anteeing nondictatorship of present and nondictatorship of future) and Alvarez-cuadrado et
al ( 2009)�s model that improves on Chichilinsky�s model by guaranteeing optimal path of
renewable resource extraction. The major problem lies in the inability of comparing these
utility streams: undiscounted utility often has NPV equal to in�nity and one can�t Pareto
rank them (see Diamond(1965), Svensson(1980)). Discounting on the other hand has always
been very controversial, in particular in environmentally sensitive projects.

Our model uses discounting as a tool not only to ensure the �niteness of present
value of the dam, but also in incorporating the stochasticity of future developments. Other
studies of reservoirs have skipped the discussion of discounting altogether. Often,sustainability
frontier of a dam is de�ned in terms of two ratios: Kw and Kt; where Kw is de�ned as above
and Kt is the ratio of storage to annual sediment arrival. Basson(1997) and Palmieri et
al (2003) both provide a lengthy discussion on sustainability frontier in terms of Kw; and
Kt: If a nonsustainable outcome (in which a reservoir is allowed to silt up) is economically
desirable to a sustainable outcome, then the reservoir can�t be sustained. Such economic
desirability is expressed in terms of net present value of the reservoir under the two con-
ditions. If NPV of the reservoir under sustainable outcome is higher than the NPV under
unsustainable outcome, then the reservoir is sustainable. Often, higher Kt is more likely to
yield sustainable outcome than lower Kt for a given Kw:

Our problem formulation above allows for sustainability in di¤erent ways. For
example, if in a linear cost model, w� = 0; which was the case for Tarbela, one never
stops removing sediment. Since sediment removal is a bang-bang decision in linear case,
the reservoir is , at least from the economic point of view, sustainable. Similarly, in the

case of quadratic cost function, one notes that c = minfmax(0; Vw�
^
cG(w));K �wg: If c is

nonincreasing in w, and if there exists some
�
w such that for 8w <

�
w;max(0; Vw�

^
cG(w)) �

K�w; then a reservoir will never be silted up. The planner will always �nd it economically
feasible to remove sediments before the reservoir is silted up. One can weaken the condition
considerably, but we skip the issue for now.
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0.10 Conclusion

We provide a new approach to model sedimentation management problem in large
reservoir. This paper contributes to existing scant literature in what is being realized
as an important topic in natural resources economics. Our model allows uncertainty in
sedimentation accumulation, which is useful in understanding the impact of global warming
or �uctuating weather if they contribute to the change in variance of sediment arrival rate
(or sedimentation yield) in the reservoir. This paper also contributes by providing a new
algorithm to solve a particular type of boundary value problem arising due to the quadratic
nature of the cost function. Quadratic cost function leads to nonlinear second order value
function. Though there are several existing algorithms to tentatively solve these equations,
all of them have some de�ciencies. Some , such as nonlinear shooting methods, could be
very slow, while others such as �nite di¤erence method are computationally cumbersome.
We provide a new nested method that is a slight modi�cation of the projection method
provided by Judd(1992).

We calibrate our model by using the data from Tarbela dam in Pakistan. Tarbela
is one of the most vulnerable dams in the world rightnow, because of its apparently high
rate of erosion. We �nd that the dam could be sustainably operated for a particular linear
cost function, and also for the quadratic cost function. However, we note that there are
other issues that could make these assertions weaker. Removing sediments, for example,
would also require �nding a proper place to dump those sediments.

Our model is simple and yet useful in understanding the issues sorrounding the
reservoir management. We provided many comparative statics results such as impact of
increased sediments, impact of change in discount rate and impact of increased uncertainties
on both value function and control functions. In both our basic model and our de�nition
of sustainability, we focus on the major role played by water storage level on the value of
the reservoir or on the sustainability criterion.

Getting useful data on large dams is still very di¢ cult. Dams also di¤er by their
location, their political signi�cance and their strategic and even psychological meaning in
the host country. Each dam is also likely to have its own speci�c cost function of removing
sediments from the reservoirs. Reservoir operators are just recently beginning to think
about sustainability of the reservoirs. Tarbela�s planners had originally planned the dam to
operate for �fty years, a target they don�t like to stick to anymore. While the planners are
now beginning to weigh di¤erent options for sediment removal, our results show that they
are not too late in implementing those strategies.

Future research in sediment management should look at the risk averseness of
the planner. We use a risk neutral planner in our paper. Furthermore, since privately
operated reservoirs are often licensed to run for a limited period (30 years in several rivers
in Nepal), one would want to introduce a time dependent model to study the situation of
private ownership. In this situation, optimization decision will yield a partial di¤erential
equation with time as one of the arguments. The welfare impact of allowing privately
held reservoirs (in stead of government owned) is also important next step in this �eld.
However, the most important of all is better understanding of cost function. Rightnow,
the understanding of cost function in sediment removal problems is very limited and it
hinders e¤ective management of reservoirs. Also, a major weakness of the model is its
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assumption that V0 and VK are known. The calibration assumes that VK is the cost of
construction. It is an ad hoc assumption and probably is an underestimation of the value.
A better understanding of such values could be derived only by, or at least in conjuction
with, other economic techniques such as nonmarket valuation methods. Finally, in a lot
of cases, a mixed model, in which di¤erent sedimentation strategies are used together are
used. Modeling such a situation is more complex, but could be one of the topics of future
research.
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0.12 Appendix:

1. We present a heuristic argument about why small value of �2 (or alternatively
small inverse péclet number) causes problem in our solution of equation (7A) using �nite
di¤erence methods. The argument relies on the method given in the the analysis of boundary
layers in LeVeque(2007) and Kevorkian et al (1996)7.

We set � = �2

2 and write equation (7) as

�Vww +
1
2V

2
w � (M +

^
cG(w))Vw � �V (w) + pw = 0:::::::::::::::::(7A)

V (0) = V0;V (K) = VK :
Rewriting (7A), we get

�Vww + (
1
2Vw �M � ^

cG(w))Vw � �V (w) + pw = 0:::::::::::::::::(7A0)

V (0) = V0;V (K) = VK :
If �! 0; equation (7) reduces to

(12Vw �M � ^
cG(w))Vw � �V (w) + pw = 0:::::::::::::::::(7B)

V (0) = V0;V (K) = VK :
We write our nonlinear equation in (7) as in (7A0) and (7B) because we rely on such

linearization in the implementation of �nite di¤erence method. Let �(w) = � �
1
2
Vw�M�^cG(w)

;

p(w) = pw
1
2
Vw�M�^cG(w)

: This suggests a tentative solution of the following form:

V (w) =
R
p(w)e

R
�(w)dwdw+C

e
R
�(w)dw ::::::::::::(7C)

It is clear that imposing the �rst boundary value condition , V (0) = V0; will give
us one constant, C1, while imposing another boundary value condition , V (K) = VK ; gives
us another constant, C2:

It is likely that in the neighborhood of the stated boundaries the value function
is given by these functions and then somewhere in its domain the value function makes
signi�cant jump so that v� is large. In our analysis, the precise identi�cation of C1 and

C2 is not important (and is in deed di¢ cult). The major purpose of this formulation is to
illustrate that there are two solution curves which are connected somewhere in the domain
by a rapidly changing solution curve. We would like to identify the width and center of
such layer where the function shows rapid change.

We now assume that there exists a function, 
(�); such that V (w) = 
(�) repre-

senting the solution of problem (7A). Let � = w��w
�k

: This formulation is meant to imply

that we are now zooming in on our interior layer centered at
�
w which has an asymptotic

width of O(�k): It follows that Vw = 

0
(�)��k;Vww = 


00
(�)��2k: Inserting these values in

our original problem (7A) gives us

��2k+1

00
+ 1

2�
�2k(


0
)2 � (M +

^
cG(w))��k


0 � �
+ pw = 0 :::(7D)
7We would like to thank professor Per-Olof Persson of UC Berkeley department of mathematics for his

insightful comments on this proof.
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and the appropriately modi�ed boundary conditions.
Notice that to remove the � associated with the highest derivative of 
; we multiply

both sides of (7D) by �2k�1: This leads to the formulation of



00
+ 1

2�
�1(


0
)2 � (M +

^
cG(w))�k�1


0 � �
�2k�1 + pw�2k�1 = 0 :::(7D)
Notice that no matter what value k takes, 12�

�1(

0
)2 blows up as �! 0 for 


0 6= 0:
Such indeterminacy of boundary layer�s length causes a huge problem as we can�t make a
wise initial guess while solving the nonlinear equation given in our problem.

2. Here we present an illustrative method for calculating value function when
N = 4, and when the cost function is linear.

We �rst assume a0; a1 as given. Our eventual goal is to identify these two values
given our boundary conditions.

Using proposition (2), we get
a2 =

�K
�2
+ �

�2
a0 � (K�M)

�2
a1

= 1 + 2a0 + 3a1
where 1 =

�K
�2
; 2 =

�
�2
; 3 = �

(K�M)
�2

a3 =
�(�+p)
3�2

� 2(K�M)
�2

h
�K
�2
+ �

�2
a0 � K�M

�2
a1

i
+ (1+�)

3�2
a1

=
h
�(�+p)
3�2

� 2(K�M)
�2

(�K
�2
)
i
� 2�(K�M)

�4
a0 +

h
2(K�M)2

�4
+ (1+�)

3�2

i
a1

=  1 +  2a0 +  3a1 where  1 =
h
�(�+p)
3�2

� 2(K�M)
�2

(�K
�2
)
i
;

 2 = �
2�(K�M)

�4
;  3 =

h
2(K�M)2

�4
+ (1+�)

3�2

i
:

a4 =
2+�
6�2

h
�K
�2
+ �

�2
a0 � (K�M)

�2
a1

i
�

K�M
2�2

�h
�(�+p)
3�2

� 2(K�M)
�2

(�K
�2
)
i
� 2�(K�M)

�4
a0 +

h
2(K�M)2

�4
+ (1+�)

3�2

i
a1

�
=
�
2+�
6�2

�K
�2
� K�M

2�2

h
�(�+p)
3�2

� 2(K�M)
�2

(�K
�2
)
i�
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�
2+�
6�2

�
�2
+ K�M

2�2
2�(K�M)

�4

�
a0

+
�
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(K�M)
�2

� K�M
2�2

h
2(K�M)2

�4
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3�2

i�
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1 +
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(�K
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(K�M)
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� K�M
2�2
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2(K�M)2

�4
+ (1+�)

3�2

i�
Now using the fact that V (K) = VK and V (w�) = Vw� as calculated, we use the

following two equations to solve for a0 and a1:
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VK = a0 + a1K + a2K
2 + a3K

3 + a4K
4

This equation can be rewritten as

VK = a0 + a1K + [1 + 2a0 + 3a1]K
2+

[ 1 +  2a0 +  3a1]K
3 + [
1 +
2a0 +
3a1]K

4

i.e. VK � 1K2 �  1K3 � 
1K4

= (1+2K
2+ 2K

3+
2K
4)a0+

�
K + 3K

2 +  3K
3 +
3K

4
�
a1 :::::::::::::::(8A)

Note that the term in the left hand side is constant. Hence this is linear equation
with two unknowns a0; a1: To solve for two unknowns, we need another condition which we
get by setting

Vw� = a0 + a1w
� + a2w�2 + a3w�3 + a4w�4; which yields the following equation

Vw� � 1w�2 �  1w�3 � 
1w�4
= (1 + 2w

�2 +  2w
�3 +
2w�4)a0 +

�
w� + 3w

�2 +  3w
�3 +
3w�4

�
a1

:::::::::::::::::::::(8B)
We get a0; a1 by solving (8A) and (8B), we get a2; a3;a4 by plugging in values of

a0; a1, and then we get the expression for value function at w by plugging in these values
in power series expansion of value function.
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Table 1.
Observation Periods Average Annual Sedimentation of Reservoir

(mt) (bcm)
1974-79 220 0.149
1974-81 204 0.138
1974-82 192 0.129
1974-83 188 0.127
1979-81 158 0.106
1979-82 110 0.074
1981-82 91 0.062
1982-83 153 0.103
1984-99 137 0.092

Average 1974-83 0.127
Average 1984-99 0.092
Average 1974-99 0.106

mt: million tonnes
bcm: billion cubic meters
Source: Tarbela Dam Project Completion Report on Design and Construction,

TAMS, 1984, WAPDA and Tarbela Dam Project, WAPDA, as reproduced in WCD(2000)
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Table 2: Calibration Parameters
Parameters Value (units)
K 11:48 (bcm)

M 0:105 (bcm)

� 0:025 (bcm)

� 0:05

p 1 ($ ten million)

l �

R(e) �
^
c 8

G(w) w

� 5:3

V0 0

VK 925:8 ($ ten million)
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Geographical Location and Catchment Region of Tarbela Reservoir in
Pakistan: ? denotes the location of the Tarbela dam, where as shadowed area denote the
catchment area. [Source: fas.usda.gov]
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[Figure 1: Characterization of the necessary relationship in proposition 4].
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Linear Cost Strategies: The value of the Tarbela dam is estimated for linear
cost strategy, with n = 4 being the degree of approximation.

(Figure 2)
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Quadratic Cost Strategy: For G(w) = w, and for given parameters, the value
function and control rule for Tarbela are given as follows.

(Figure 3)
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Sensitivity to Variation: Base case variation given in Table (1) �5%
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(Figure 4)
Sensitivity of control rule to Variation in sedimentation arrival: Base

case variation given in Table (1) �5%

(Figure 5)
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Relationship between the value function and Sedimentation Arrival rate

(Figure 6)
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Relationship between control rule and sedimentation arrival rate:

(Figure 7)
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Impact of Discount Rate

(Figure 8)
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Impact of Implicit price of water on the value of the reservoir.

(Figure 9)
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Impact of implicit price on sedimentation removal

(Figure 10)
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Part II

Searching For Environmental
Kuznet Curve In Latin American

Countries8

8This chapter was �rst published in Journal of Agricultural and Applied Economics, Volume 41, Number
01, April 2009. The coauthors of this work are Krishna Paudel and Keshav Bhattarai.
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0.13 Abstract:

We use semiparametric panel data method to search for EKC in 15 Latin American
countries, using hitherto unused data on forestry acreage in each country. Our results show
an N-shaped curve for the region; however, the shape of the curve is sensitive to the removal
of some groups of countries. Speci�cation tests support a semiparametric panel data model
over a quadratic speci�cation.

0.14 Introduction

Following the concept used by Kuznet to describe income-inequality relationship
(Kuznet, 1955), an Environmental Kuznet Curve (EKC) was developed to describe rela-
tion between environmental quality and income. Generally speaking, this relationship is
considered to be of a quadratic shape. This means pollution goes up to a certain point as
income increases, eventually declining above a certain level of income commonly known as a
turning point. This type of relationship exists because countries generally pass through an
agricultural phase into an industrial phase and then �nally specialize in the service sector.

In the agricultural phase, countries have little pollution. As a country transforms
to an industrial phase, pollution increases-originating from both point and nonpoint sources.
Agricultural production becomes more intensive as little emphasis is placed on improving
environmental practices and more emphasis is placed on the amount of food produced.
Therefore, pollution continually increases.As the country transforms its economy to the
service sector, pollution declines because the country imports pollution-intensive products
from abroad. Therefore, one would observe a downward trend in total pollution. Income also
increases in this phase of growth. Another reason why one would observe this EKC type of
behavior is due to people�s preferences. It is generally thought that environmental quality
is a luxury good; therefore, as per capita income rises, emphasis is placed on increasing
environmental quality.

This traditional inverted U-shape of the EKC has been challenged because many
researchers claim that the relationship may not be depicted in a quadratic framework. For
some pollutants, one would observe a cubic pattern whereas for other pollutants (e.g.,stock
pollutants) for which assimilation rates are low, the pattern may be monotonically increas-
ing. Pearson as well as Cole, Ryaner, and Bates are dissatis�ed with the econometric
progress on functional form speci�cations in the studies of the EKC. To address these con-
cerns about the shape and econometric estimation of the income- environmental quality
relationship, other functional forms of income have been proposed and the relationship
between income and pollution has been modeled in a nonparametric form. Semiparamet-
ric methods have also been used; where in addition to income and its di¤erent functional
forms, additional variables have been also added to the regression model (Millimet, List
and Stengos; Paudel, Zapata, and Susanto). A few authors have even considered adding
variables such as governance in EKC models (Bhattarai and Hammig). Yet othe rauthors
have been frustrated with the sensitivity of the results to the slight changes in the data used
(Harbaugh, Levinson and Wilson). Therefore, the EKC concepts introduced by Grossman
and Krueger and popularized by the World Bank (Sha�k and Bandopaddhya) have been
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getting increased attention.
The objective of this paper is to look at how CO2, a stock pollutant, can be

related to per capita income in Latin American countries. This study explores this relation-
ship using both parametric and semiparametric panel data models. This study also shows
that a parametric quadratic relationship is rejected in favor of a semiparametric estimate.
Furthermore, we used hitherto unused data on forestry acreage in our study.

0.15 Literature on CO2 EKC

We reviewed literature that examines the relationship between CO2 and per capita
income�discussing the results found within the literature pertaining to CO2 in terms of the
model used and turning points.

Several papers have revealed an inverted U-Shaped EKC relationship between CO2
and income using data from various countries utilizing various econometric methods.For
example, Schmalensee, Stoker and Judson studied CO2 emissions data from 141 countries
for the period 1950-1991, and use a spline functional form in a two-way �xed e¤ects model.
Sengupta used a �xed e¤ects quadratic model in addition to data from 16 developed and
developing countries. Carson , Jeon, and McCubbin utilized data from U.S. states.All three
of these papers found an inverted relationship between CO2 and income.

Bengochea-Morancho, Higon-Tamarit and Martinez-zarzoso analyzed 16 years of
data from the European Union using a polynomial quadratic along with cubic speci�cation
in parametric �xed and random e¤ects panel models; their study discovered an inverted, U-
shaped EKC when examining a selected subset of countries.Panayotou, Peterson and Sachs
used feasible generalized square method to establish the presence of an inverted U-shaped
EKC in a subset of the 17 developed countries in their study. Other studies supporting an
inverted U-shaped (or N-Shaped) EKC are Moomaw and Unruh, Friedl and Getzner , and
Millimet, List and Stengos.

Contrarily, there are other papers that reject the inverted, U-shaped relationship
between existing between CO2 and income. For example, Sha�k and Bandopadhyay claimed
that one might see a monotonously-increasing relationship between CO2 and income. To
reach this conclusion, their study utilized 26 years of CO2 data from 118 to153 countries as
well as polynomial speci�cation in both �xed and random e¤ects models. Holtz-Eakin and
Seden used a two way �xed e¤ects model with a quadratic functional form to analyze data
from 108 countries, and unveiled that the turning point (beyond which CO2 decreases while
income increases) could be as high as $8 million dollar per capita. Agras and Chapman
indicated that there may not be any turning point for CO2 based on their study of 34
countries using a �xed e¤ects autoregressive distributed lag model. Moomaw and Unruh
and Dijkgra¤ and Vollebergh used data from OECD countries from 1950-1992 and from
1960-1997, respectively; both rejecting the presence of a quadratic relationship between
CO2 and income. Nguyen, in a study using a nonparametric method, indicates that there
is a convergence in CO2 release among OECD countries. This view is also supported by
Strazicich and List in their analysis of 21 industrial countries for the period ranging from
1960 to 1997. Other studies have also rejected an inverted U-shaped EKC ( De Bruyn, Van
Den Bergh, and Opschoor; Lantz and Feng; Galeotti,Lanza, and Pauli; Roca et al.).
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We have observed that di¤erent authors have used CO2 data from various sources
to study the EKC relationship-with data originating from the World Bank, Oak Ridge Na-
tional Laboratory, World Development Indicators, World Bank, OECD environmental data
sources and the International Energy Agency. The postulating of the functional form was
done utilizing linear, quadratic, cubic and spline functional forms. Estimation techniques
used include parametric panels, �xed and random e¤ects models, time series method, non-
parametric methods, semiparametric methods, and pooled mean group estimations. The
majority of these studies have utilized data compiled after World War II, although a study
by Panayotou, Peterson and sachs used data from 1870 to1994. Nearly all studies involved
a panel of countries.

0.16 Data

We utilized CO2 data provided by the World Bank originating from 15 Latin
American countries over a 21 year period (1980-2000). For those countries for which CO2
data were not available from the World Bank, data from the Oak Ridge National Laboratory
data (CDIAC) was used instead. In turn, the CO2 emissions were calculated by measuring
the total fossil fuel consumed. Per capita income was measured in dollars, which were
obtained from the World Bank economic indicators for Latin America. Per capita income
data were adjusted by purchasing power parity in order to construct comparable values
across countries. Population density was measured by the number of people per square
kilometer (these data were also obtained from the World Bank). The illiteracy rate was
calculated as a percentage of the population aged 15 years and who were not able to read.

Forestry data were collected from di¤erent sources. Those sources are listed in the
Appendix A. The availability of forestry data are in deed the asset of this study as this
set of data are not presently readily available. Weight variables, such as income weight
and CO2 weight, are calculated using a queen contiguity matrix. In essence, the weight
variables represent the average of income or CO2 emissions in the neighboring countries.
We discussed weight variables in detail when presenting results from sensitivity analysis
tests.Descriptive statistics of the data used in this paper are provided in Table 1.

0.17 Method

We used a �xed e¤ects, one way error component semiparametric panel data model
to estimate EKC, then compared the �ndings with the �xed e¤ects, one way error compo-
nent panel data model in a parametric form. Our model speci�cation included individual
country �xed e¤ects, but not time e¤ects. The choice to utilize �xed e¤ects rather than
random e¤ects originated from an attempt to control for time-independent, unobservable
characteristics that may be correlated with the covariates. The proposed parametric and
semiparametric models are given in equation (1), (2), and (3) below.

The parametric model is given as follows:
yit =

P
�kxitk + vi + uit

for i = 1; : : : :; n; t = 1; : : : ; T ; k = 1; 2; ::;K . . . . . . . (1)
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where yit is emission of CO2 in metric ton per person in country i at time t; and
x includes the regressor variables.The regressors for a quadratic speci�cation are: forestry
per capita in hectares, income per capita and income per capita squared; where as for cubic
speci�cation the regressors also include income per capita cubed. vi is country speci�c
e¤ect, and uit is iid with mean zero.

The semiparametric model, on the other hand is given as,
yit = xit� +m(zit) + vi + uit
for i = 1; : : : :; n and t = 1; : : : ; T ...... (2)
where yit is emission of CO2 in metric ton per person in country i at time t, xit is

forest area (in hectares) per person , zit is income per capita in country i at time t, and vi
is country speci�c e¤ect. The assumption on error is E(uitjzit) = 0. We also assume that
uit is iid with mean zero with constant variance �2u .

For semiparametric model, Robinson�s kernel based method was utilized to calcu-
late a

p
n consistent estimate of �. The primary purpose of this is the elimination of the

nonparametric part of equation (2) by conditioning all the variables on the variable which
is entered nonlinearly (in the above case, zit). This is done by �rst conditioning the depen-
dent variable on the regressor entering nonlinearly, and then subtracting from the original
equation, which eliminates both the nonparametric part and individual e¤ects, as follows:

yit � E(yitjzit) = [xit � E(xitjzit)]� + uit
for i = 1; : : : ::; n and t = 1; : : : ::; T ..... (3)

This method estimates � by running linear regression of yit �
^
E(yitjzit) on xit �

^
E(xitjzit) ,where the conditional expectation is calculated by using a nonparametric kernel
method. Let �sp represent the linear estimate from performing this regression. Then, the
following relationship holds:

yit � �sp � xit = m(zit) + vi + uit........... (4)

As shown by Blundell and Duncan , the estimate ofm(z) is given by
^
E(yjz)�

^
E(xjz)

^
�sp, where

^
E(yjz) and

^
E(xjz) are nonparametric estimates of y and x. Since

^
�sp converges

faster than either
^
E(yjz) or

^
E(xjz) , the asymptotic distribution of m(z) is dominated by

the distribution of conditional expectations.
Normally the parameter of interest is the marginal impact of income on pollution

at income level z; (dm(z)dz = (z)) , which is estimated as
^
(z) = (Z 0MDK(z)MDZ)

�1Z 0MDK(z)MDy
� � -(5)

where K is a kernel matrix, and M is residual maker matrix, y�it = xit �
^
�sp. Note

that Z is nT� 1, and K(z) is nT� nT.
This is asymptotically normal with

E(
^
(z)) =(Z 0MDK(z)MDZ)

�1 � Z 0MDK(z)MDy
� � �(6)

Var(
^
(z)) =�2(Z 0MDK(z)MDZ)

�1 �Z 0MDK
2(z)MDZ

�
� (Z 0MDK(z)MDZ)

�1

............(7)
Details on implementing the method above can be found in a host of sources such
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as Blundell and Duncan and Ullah and Roy 9.

0.18 Results

Using quadratic speci�cation in model (1), we conducted an F-test for the joint
signi�cance of �xed e¤ects model and rejected the hypothesis that all the coe¢ cients are
zero at a signi�cance level of 1%. The calculated F-statistic was 530.98, while the critical
value was 2.16.The absence of the time e¤ects given the individual e¤ects was also tested. In
e¤ect, the study was unable to reject the null hypothesis at a signi�cance level of 5%, as the
statistic was -0.84, while the critical value was 1.1310 . Since several authors (e.g. Millimet,
List and Stengos) have used cubic models to estimate EKC, a cubic model was then tested
against the quadratic model. To do this, an F test was then run to determine whether the
quadratic model should be rejected in favor of the cubic model11 .The calculated F-value
was 1.10. The critical F-value at 5% level was 3.90. This indicated that the quadratic model
could not be rejected. We also conducted a Hausman speci�cation test for the systematic
di¤erence between �xed and random e¤ects. The m-statistic for Hausman test was 2.02,
and the critical value at 0.05 signi�cance level was 0.72, which means �xed e¤ects model
was more appropriate. In the panel data setting in developing countries, the �xed e¤ect
has proven e¤ective by other studies as well (Bhandari and Upadhyaya; Dhakal, Mixon
and Upadhyaya, Pradhan, Upadhyay and Upadhyaya). The following section presents the
speci�cation test in an attempt to compare the �xed e¤ect quadratic model against the
�xed e¤ect semiparametric model 12. The results from these tests are listed in table 2.

Our preliminary visual observation of data points reveals some sort of inverted �u�
curve for a limited number of countries, (Figure 1). For example, Brazil,Colombia and Peru
seem to indicate an increasing tendency to pollute as income rises. However,Argentina,
Ecuador, Guatemala, and Bolivia seem to reveal some kind of concavity in their income
pollution curve. It should be obvious that even if a country shows a rising or increasing
pollution level to coincide with income, the country may still not contradict the inverted
U hypothesis, since it may simply be on the rising part of the curve (i.e. to the left of the
peak).

Next the focus turns to revealing the importance of including forestry as a covari-
ate, rather than including only income as a covariate and running a nonparametric model
to estimate the EKC. The study is similar to the method used by Duncan and Blundell

9When calculating the variance, the assumption that �2it = �
2
u was utilized and we calculated the feasible

version of this constant variance, as follos: regress yit�
�
yi: = xit�

�
xi��+u�it and replacing �2u by

P
i

P
t

^
u
�2
it
nT
:

This feasible version of variance is suggested by Ullah and Ray.
10For this purpose, this study utilized the method given in Baltagi (p. 33). Basically, let uit = �i+�t+vit

in model (1). Testing for no time e¤ect given that there is a �xed e¤ect is tantamount to testing H0 : �1 =
�2 = ::: = 0 given �i 6= 0: The usual F-test in which restricted and unrestricted residual sum of squares are
used to calculate the F-statistics is used here.
11This test was conducted in accordance with Gujarati (p. 258).
12In order to conduct the poolability test, country by country OLS regressions were conducted. If the

null hypothesis was rejected, the panel data were determined as not poolable. The null hypothesis of the
poolability test across groups is that all group parameters are equal to corresponding pooled parameters.
The F-statistic calculated based on the group is 72.87 at df(56,240). The criticial values are 1.4 and 1.6 at
the 5% and 1% level of signi�cance. The large F value rejects the null hypothesis of nonpoolability.
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(1998) to justify the use of a semiparametric model in their study of estimation of Engel
Curve.

The countries in the sample were divided into three di¤erent groups. The �rst
group contained countries with signi�cantly low forestry to population ratios (El Salvador,
Guatemala,

Costarica and Uruguy). Countries in this group have less than one hectare of forest
per thousand people. The second group included countries such as Argentina, Chile,Ecuador,
Colombia, Honduras and Nicaragua which have an intermediate level of forestry to popula-
tion ratios. The countries in this second group possess more than 1 hectare but less than 2
hectares of forest per thousand people. The third group included countries with the highest
forestry to population ratios( Paraguay, Peru, Venezuala, Bolivia, and Brazil).

The pollution elasticity of income curve for these three groups are markedly di¤er-
ent as presented in �gure 2. This di¤erence justi�es the use of country speci�c heterogeneity
in the forestry to population ratio. (However, it is striking that the low forestry and high
forestry per capita groups indicate similar behavior in terms of pollution emissions). Fol-
lowing Duncan and Blundell�s suggestion, the forestry variable was entered linearly into
semiparametric speci�cation.

The curve for EKC from the semiparametric speci�cation is given in �gure 3.
This indicates the presence of �N�shaped curve. The N-shaped curve indicates that CO2
initially increases with an increase in income, then decreases, and eventually increases yet
again. The �turning point�was about $3500, but the per capita consumption of carbon
dioxide rises again at about $4500.Comparing these values with the turning point estimate
of $7954 from the parametric test, it is revealed that these two estimation techniques provide
very di¤erent predictions . In the semiparametric setting, to test the question of whether
certain countries are driving the result, several sensitivity analyses were conducted. Since
visual inspection had earlier pointed out Brazil, Colombia and Peru served as major culprits
for pollution emission, results were examined when these particular countries were removed
from the equation. Figure 4 provides the three graphs from a semiparametric estimation in
which each of the three countries is removed, this brings the upper turning point down to
$4800, even though the lower turnin gpoint remains unchanged. However, the curvature of
the estimated relationship remains essentially the same.

The EKC for three di¤erent groups was also estimated (least, moderate and most
forest to population ratio countries as discussed earlier). Figure 5 reveals the estimated
curves. Countries in Group 1 (those with low forest-to-income population ratios) remains
on the rising part of the curve; the relationship between income and emission is strictly
positive. These countries reveal a similar trend in their income ranges to that of the ag-
gregate data, and interestingly, countries in this group are also primarily poor countries.
Countries in Group 2 (those with intermediate forest-to-income population ratios) reveal
evidence of an N-shape, and seem likely to reach some level of turning point at about $5000.
Countries in group C (those with the highest forest-to-income population ratios),however,
behave relatively distinct from other groups. This group�s CO2 emission decreases initially,
then increases and then eventually decreases again, with turning point occuring at about
$3500. Also, the curvature of overall EKC doesn�t signi�cantly change when three countries
are removed (Brazil,Colombia and Peru which have been identi�ed as countries with the
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most rapidly pollution).The fact that forest per person is a signi�cant variable in all these
estimations means that it is indicating some thing important that income alone. It is likely
that variables originating from points other than income drive emissions, and that including
income alone will systematically omit the other factors. Li and Hsiao�s serial correlation
test of semiparametric model as described in following section indicates that there is some
serial correlatedness in this study�s model, which also points towards the omission of some
variables.

Several authors have argued in favor of adding more variables in the CO2-Income
EKC regression (Cole, Rayner and Bates; Agras and Chapman; Panayotou,Peterson and
Sachs). Accordingly, we tested the importance of adding in such variables as population
density, the illiteracy rate, and the weighted income variable (to be described later) into
the regression models, and observe whether these inclusions would a¤ect the results. The
justi�cation for including population density in the model is that more dense population
will burn more fuel, ceteris paribus. Higher illiteracy levels may mean that the population
will resort to ine¢ cient means of energy consumptions, such as burning �rewood and so
on. The spillover e¤ect of income was also considered. If adjacent countries are wealthy
(possessing more stable economies) this may also result in increases in their neighboring
countries�pollution levels. Following Paudel, Zapata and Susanto, a weighted income vari-
able was constructed as a representation of the spillover e¤ect of pollution. To account
for the spillover e¤ect in the model, the queen contiguity matrix was �rst calculated. This
matrix regards neighboring countries of a country as being in either a vertex or a lateral
contiguity of the country. Then average income is then obtained by adding the per capita
income of the adjacent countries in that particular year and by dividing it by the number
of contiguous countries. The average income, thus obtained, was used as a weighted income
variable that measures the spillover e¤ect in the model. If a spillover e¤ect is present,the
coe¢ cient associated with this variable would be positive and signi�cant. Parametric esti-
mation of this full model shows that as population density is introduced, both forestry and
population density become insigni�cant, but the spillover e¤ect remains signi�cant, thus all
having expected signs. On the other hand, semiparametric estimation indicates that both
population density and illiteracy rates are insigni�cant, with the spillover e¤ect revealed
as minimally signi�cant. The overall curvature of semiparametric EKC remains the same.
These results are presented in Table 3. Somewhat surprisingly, the sign of illiteracy in
semiparametric model, although insigni�cant, is positive.

0.19 Parametric Vs Semiparametric Models

Provided below are the results from a test of the quadratic parametric speci�cation
against the semiparametric speci�cation. The presence of serial correlation was also tested.

When utilizing Li and Wang�s method to formally test whether the parametric and
semiparametric model yielded statistically di¤erent result,the null hypothesis was tested as
follows:

Hb
o : E(Y jX;Z) = X 0 + g(Z; �) ,that is, against the alternative

Hb
1 : E(Y jX;Z) = X 0 + �(Z) with�(Z) 6= g(Z; �) for any ��Rp

where X is a r� 1 and  is an r� 1 vector of unknown parameters. Also, assume
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Z has dimension q. We know the form of g(Z; �) but not the exact form of �(Z). Subscripts
have been suppressed here for the sake of clarity.

Suppose
^
� is the OLS estimate from regression model under the null hypothesis.

To obtain a feasible test statistic, E(
^
uijxi) was nonparametrically obtained. Speci�cally, 

is estimated semiparametrically, and let
^
ui = Yi �X 0

i � g(Z;
^
�). The test statistic is then

given as

Jn =
nh

q
2 Inq
^



.................... (8)

Where In = 1
n(n�1)hp

Pn
i=1

Pn
j=1;j 6=i

^
ui
^
ujKi;j and

^

 = 2

n(n�1)hp

nX
i=1

nX
j=1;j 6=i

^
u
2

i
^
u
2

jK
2
i;j

where Ki;j = K(
zi�zj
h ) is the kernel function and h is Silverman�s bandwidth (in

our calculations). Under the null, this statistic is asymptotically normally distributed.
Li and Wang suggest that bootstrapping can be used to obtain distribution and

critical values in small samples, as the distribution is normally skewed to the left. A wild
bootstrap method, considered by Hardle and Mammen, was utilized. The bootstrapping
method used is discussed in the Appendix B. The results of this test are provided in the table
4. The data overwhelmingly rejects the parametric form in favor of the semiparametric form.
Since the bootstrapping procedure used for this test proves to be a very time consuming
procedure, the test statistics are reported for selected countries as well as for the pooled data.
It was revealed that the parametric quadratic speci�cation was rejected for all countries.

Testing for randomness of individual e¤ect was done using Li and Wang�s test. We
also used the result from parametric model�s Hausman test because no systematic di¤erence
between random and �xed coe¢ cient was used to justify the assumption of the �xed e¤ects
in a semiparametric model13.

The reliability of the Li and Wang speci�cation test, however, rests on the assump-
tion that data are independent and identically distributed. The Li and Stengos method was
used to test for the presence of serial correlation in the semiparametric model. The usual
Durbin Watson test is inappropriate in this setting. Performing an autocorrelation test is
important due to strong serial correlation that implies that there might have been some
omission of important explanatory variables. This correlation may even indicate that the
functional form is misspeci�ed.

Let
^
f be the density estimate of X,

~
u be residual from semiparametric estimate

de�ned as Y �
^
E(Y jZ)� [

^
X �

^
E(XjZ)]

^
� . Then the test statistic for zero �rst order serial

correlation is given by

In =
1p
NT

NX
i=1

TX
t=1

^
ui;t

^
ui;t�1

^
f i;t

^
f i;t�1:::::::(10)

13We also conducted an Ellison and Ellison speci�cation test which is a slight modi�cation of Li and

Wang�s test, in which 1
n

nX
i=1

^
u
2

i in stead of (
^
ui

^
uj)

2 was used. The results were similar to Li and Wang�s test.
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which upon satisfying some certain mixing conditions, is asymptotically normally
distributed. The results from this test are provided in the table 5.

The result revealed that the null hypothesis of serial correlation cannot be rejected.
However,there is considerable heterogeneity among di¤erent countries as given above. For
Brazil, Bolivia, Ecuador, Honduras and Venezuala, when this test is independently calcu-
lated,the serial correlation is rejected. For other countries,the serial correlation couldnot be
rejected. This is a potentially important area for future work.

0.20 Conclusion

Parametric and semiparametric speci�cations were compared with the study of the
EKC relationship between CO2 and income among Latin American countries for the period
ranging from 1980 to 2000. This study revealed that a parametric quadratic speci�cation
is rejected in favor of a semiparametric speci�cation, and that the EKC curve for Latin
America as a whole looks like an N curve. The result for countries with di¤erent levels
of forest cover indicates that the more impoverished Latin American countries, with high
forest cover, are more likely to exist in the rising portion of the EKC. Wealthier countries,
though, exhibit N-Shaped relationship between CO2 and income.

Technical di¢ culty constrains research using semiparametric models in panel data
settings, despite the advantages of the semiparametric models over linear or nonparametric
models. There are several issues with the semiparametric model which makes it slightly
less attractive in a panel data setting. Testing for unit root, and dealing with �xing serial
correlation, have yet to be adequately addressed.

An important future direction for research is to consider how many regressors
should be entered nonlinearly. Semiparametric speci�cation is somewhat ad hoc in its ap-
proach, due to which this study made the a priori decision that there is no interaction term
between linearly entered variables and the nonlinearly entered variable(s), and that certain
variables enter linearly while others enter nonlinearly. In the absence of a speci�cation test
comparing the semiparametric to the nonparametric speci�cation, this decision remains a
point of concern.

Similarly, since it is often not feasible to enter every variable nonlinearly within
one function, the generalized additive models( e.g. Hastie and Tibshirani, Berhame and
Tibshirani) look promising for future EKC modeling e¤orts. Another alternative strategy
for choosing a suitable model would be to compare models based on their forecasting ef-
�ciencies.Such an approach is similar to the one recently developed by Au¤hammer and
Steinhauser. If there is a lag e¤ect in CO2 pollution dynamics, a dynamic panel data model
could also be an attractive option to explore in future studies. However,given the �ndings in
this study, it is believed that, given the diversity in the number of results,and the sensitivity
of the results to di¤erent groups of countries, it is unlikely that there is an �inverted U�
shaped EKC for all countries and for the region.
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0.22 Appendix

Note 1
Forestry data were collected from the sources listed below.
1. N. Verscheure, and C. Revenga (2002), �1999 forest statistics from Chile�s

frontier forests: conserving a global treasure�(Chile: Global Forest Watch, World Resource
Institute,2002).

2. Country Pro�les. Earthetrends, Internet site:
http://earthtrends.wri.org/pdf_library/country_pro�les/For_cou_862.pdf (Accessed

February 05, 2007)
3. Bevilacqua, M., L. Cárdenas, A. L. Flores, L. Hernández, E. Lares B., A.

Mansutti R., M. Miranda, J. Ochoa G.,M. Rodríguez, and E. Selig �The State of Venezuela�s
Forest: A Case study of the Guayana Region- A Global Forest Watch Report�Internet site:

http://www.fao.org/documents/show_cdr.asp?url_�le=/
DOCREP/006/AD653E/ad653e101.htm (Accessed February 04, 2007)
4. �Forest, Grassland and Drylands data tables� Earthtrends, Internet Site:

http://earthtrends.wri.org/datatables/index.cfm?theme=9 (Accessed June 04 , 2007)
5. �Country Deforestation Data�, Tropical Deforestatoin Rates, Internet site:

http://www.mongabay.com/deforestation_tropical.htm (Accessed February 03, 2007)
6. Tucker, C. J., and J.R. G. Townshend.�Strategies for monitoring tropical de-

forestation using satellite data�, Internationl Jorunal of Remote Sensing, 21 :6-7(2000):1461-
1471
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7. Latin America Network Information Center, �Latin America and the Caribbean
Selected Economic and Social Data�,Internet site:

http://lanic.utexas.edu/la/region/aid/aid98/environment/tab3.html ( Accessed Feb-
ruary 04, 2007)

Note 2:
The bootstrapping was done using the following procedure.

Step 1: use the original sample (Y;X) to compute
^
� , the least squares estimator.

Let ui = yi � g(xi;
^
�).

Step 2: Obtain the bootstrap error u� using two point distributions.

Step 3: y�i = g(xi;
^
�) + u� will give the bootstrap sample, (Y �;X)

Step 4: Use this sample to compute the test statistic Jn.
Step 5: Repeat steps 2-4 B times. Obtain empirical distribution of the B test

statistics of Jn.Let J�n;�be � percentile of the bootstrap distribution from Step 4. Reject
the null

hypothesis at signi�cance level � if the observed Jn > J�n;�.
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Table 1: Descriptive Statistics
Variab les Average Standard Deviation M in imum Maximum

Forestry Acreage 2007.2 1953.06 19.76 9,063.46

CO2 0.46 0.4 0.09 1.96

Incom e 2642.96 1842.66 408.49 8462.63

Population G rowth 2.1 0.67 0.2 3.33

Illiteracy 17.16 11.84 2.25 46.91

Population Density 44.16 59.96 5 303

CO2 weight 13252.97 11265.42 481.5 50140

Incom e weight 2532.6 1153.02 408.49 4716.1

Population 21449.37 36166.7 2299.12 175,552.8

Total Observation 315

14

14Note: Variable units are as follows: CO2 per capita measured in metric tons per year, income measured in
dollars per capita per year adjusted by purchasing power parity; forestry in hectares per capita; population
density in number of people per square kilometer; illiteracy rate as a percentage of population above 15
years old who are unable to read. Income and CO2 weights are calculated using queen continguity matrix
as described in the text. Population is in thousands.
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Table 2. Regression Results for Parametric Speci�cations
Quadratic Sp eci�cations Cubic Sp eci�cations

Variab les One Way Fixed E¤ects One Way Random E¤ects One way F ixed E¤ects One Way Random E¤ects

Intercepts -0 .21155(-5 .23) -0 .02814(-0 .25) -0 .14996(-1 .72) 0.0419(0.31)

Incom e 0.00028(9.75) 0.000283(9.77) 0.0002(2.83) 0.0002(2.77)

Incom e-Squared -0 .00(5.83) -0 .00(-5 .77) -0 .00(-0 .23) -0 .0000(-0 .1)

Incom e-cub e -0 .0000(-.08) -0 .00(-0 .94)

Forestry -0 .00004(4.04) -0 .00004(-3 .88) -0 .00004(-3 .9) -0 .00004(-3 .75)

F -test 530.98

Hausman m -statistic=2.02

15

15Note: Quadratic speci�cation used is yit = �+�1xit+�2zit+�3(zit)
2+vi+uit for i=1,..,n and t=1,...,T

where as the cubic speci�cation used is yit = � + �1xit + �2zit + �3(zit)
2 + �4(zit)

3 + vi + uit; where x
refers to forestry per capita, z refers to income and y refers to CO2 per capita. We were unable to reject
quadratic speci�cation in favor of cubic speci�cation. To derive that result, a Hausman test was use dto
study whether quadratic speci�cations should be rejected in favor of cubic speic�cations. The calculated
F0statistic is 1.1 and at a 5% signi�cance level, the critical value was 3.90. Below are the comments for
quadratic speci�cation.
1. Fixed e¤ect is sign�cant, the critical t-value is 2.16 at 0.01 signi�cance level.
2. The consistency of random e¤ect was rejected. The critical value for consistency of random e¤ect at

5% signi�cance level is 0.71. Rejections suggests that the �xed e¤ects model is more appropriate.
3. Data from 15 Latin American countries was used.
4. Estaimated peak for parametric model : $7954:5 with its 95% con�dence interval being �2657:3(

calculated using delta method).
5. Unable to reject the hypothesis that there is no time e¤ect, the statistic is -0.84, critical value for 0.05

signi�cance level is 1.1347.
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Table 3:Regression Results for Full Model

Param etric Sem iparam etric

Variab les Estim ate t-value Estim ate t-value

Intercept -0 .33 -1 .52

Incom e 0.0003 10.14

Incom e Square -0 .0000 -6 .93

Incom e Weight 0.0001 5.24 0.0001 -2 .475

Forestry -0 .0000 -0 .26 -0 .0000 4.963

Population Density 0.0004 0.70 0.0000 0.085

Illiteracy -0 .0038 -1 .73 0.0002 -0 .0044

16

16Note: The parametric model is given as yit = �+�1xit+�2zit+�3z
2
it+�4wit+�5pit+�6Lit+ vi+uit

for i=1,..,n and t=1, .. , T where xit is forest acres in hectares per capita in country i at time t, zit is
income per capita, wit is per capita income weighted, pit is populatin density, and Lit is illiteracy rate. The
corresponding semiparametric model is yit = �+�1xit+�3wit+�4pit+�5Lit+m(zit)+vi+uit: Per capita
income weight re�ects the spillover e¤ect and is derived by using a queen contiguity matrix as discussed in
the text. Results above are derived from using all observations obtained from 15 Latin American countries.
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Table 4. Speci�cation Test for Quadratic Speci�cation versus semiparametric
speci�cation

Country Li and Wang Statistics Critical Value
(signi�cance level=0.05)

Latin America as a whole 4.680 1.53
Brazil 1.774 1.47
Colombia 2.282 2.27
Guatemala 1.449 1.40
Nicaragua 1.448 1.02
Peru 1.447 -0.76
Uruguay 7.578 5.70
Venezuala 1.987 0.85

17

17Note: Table shows the Li and Wang statistic for speci�cation test, calculated for selected Latin Amer-
ican countries and for Latin America as a whole. Statistics were taken after bootstrapping 1,000 times as
suggested by Li and Wang. Null hypothesis is that a quadratic parametric functional form is an appropriate
speci�cation compared with a semiparametric form.
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Table 5: Test Results for Zero First Order Serial Correlation

Country I-Value
Latin America as a whole 0.001
Argentina 0.223
Brazil 5.667
Bolivia 99.788
Chile 0.100
Colombia 0.394
Costarica 0.001
Ecuador -6.620
El Salvador 0.037
Guatemala -0.029
Honduras 28.678
Nicaragua -0.075
Paraguay 1.827
Peru 0.895
Uruguay 0.004
Note: Table 5 reports the test statistic given in Equation (10).
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Figure 1.

Figure 1: Scatter Plots of Income versus Pollution for Di¤erent Countries. The �rst
graph indicates the quadratic �t for the Latin America as a whole, along with a regression
of per capita pollution on per capita income and income squared. Data used taken from a
period from 1980-2000, for �fteen di¤erent countries.
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Figure 2:

Figure 2: Nonparametric Estimate of Income Elasticity of Pollutions without con-
trolling for heterogeneity in Forestry18

18"low fpr" countries include countries with low forestry per capita( El Salvador, Guatemala, Costa Rica,
and Uruguay); "medium fpr" countries include Argentina, Chile, Ecuador, Colombia, Honduras, Nicaragua;
and "high fpr" countries include Paraguay, Peru, Venezuala, Bolivia, and Brazil. Estimates are drawn
nonparametrically, with �xed e¤ect assumed for each country, using a Nadaraya Watson kernel estimation.
Bandwidth was chosen by using Silverman�s rule of thumb. X-axis is log income, y axis is the percentage of
income elasticity of pollution.
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Figure 3:

Figure 3: Estimation of Environmental Kuznets Curve in Latin America19

19This shows EKC estimates from a �xed e¤ects semiparametric speci�cation for all Latin American
countries. The estimates uses Gaussian Kernel and Silverman�s bandwidth. Parametric estimate corresponds
to the CO2 per capita as a function of forestry per capita, income and income squared controlling for country
�xed e¤ects. The parametric graph above is drawn at the average value of forestry per capita.
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Figure 4:

Figure 4: EKC in Latin America when (i) Brazil (top) (ii) Colombia (middle) and
(iii) Peru (bottom) are not included.
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Figure 5

Figure 5: EKC for Four di¤erent groups of countries (to be continued in next
page). Group 1 countries (top) and Group 2 countries (bottom)



75

Figure 5 II

Figure 5B: EKC for Group 3 countries (top) and for all countries
except Brazil/Colombia/Peru
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Part III

Agricultural Productivity
Convergence: Myth or Reality?
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0.23 Abstract

We tested agricultural productivity convergence in the United States using the
state level total factor productivity data and utilizing new estimation and cluster identi-
�cation methods to identify convergence in the data. The empirical investigation did not
indicate any evidence of agricultural total factor productivity (TFP) convergence at the
state level; however, we found the evidence of TFP convergence at the regional level for
some regions/clusters.

0.24 Introduction

Empirical tests of convergence hypothesis have found absolute convergence in pro-
ductivity only for developed countries (e.g., Baumol; Barro; Barro and Sala-i-Martin; De
Long; Islam; and Mankiw, Romer and Weil). These studies were based on two common
assumptions: developing countries are not fundamentally di¤erent from industrialized coun-
tries and free, world-wide availability of technological knowledge. However, conditional con-
vergence was found in some cases where samples consisted of both developed and developing
countries (Cho and Graham; Mankiw, Romer and Weil)

There is a general belief that productivity grows less rapidly in agriculture than in
manufacturing sectors (Martin and Mitra). Economists such as Wichman have found that
transfer of improved agricultural techniques from the developed countries to developing
countries is a lengthy process. It is this notion of slow productivity growth in agriculture
that has resulted in developing several theories and policies of economic development that
favors the manufacturing sector. For example, Wichmann analyzed technology adoption
in agriculture and convergence across economies and found that there exists an optimal
technological gap between developed and developing countries, indicating full convergence
never takes place between industrialized and developing countries. However, a study per-
formed by Martin and Mitra on productivity growth and convergence in agriculture and
manufacturing sectors favored the agriculture sector. The authors found that at all levels
of development, technical progress was faster in the agriculture sector than in the manu-
facturing sector. Moreover, they found strong evidence of a rapid convergence in levels and
growth rates of total factor productivity in agriculture, indicating relatively rapid transfer
of technological innovations (knowledge) from one country to another. Others who have
looked at agricultural productivity convergence issues are Rezitis; Mukherjee and Kuroda
and Ball, Hallahan and Nehring.

We o¤er continuity to the existing literature, but interject two new methods to test
the convergences� a statistical method which improves on the methods used by others, and
a rede�nition of �region� in beta convergence. The rede�nition of �region� is not a mere
technological quibble in our view. The theory of �beta�convergence indicates some sort of
convergence among a subset of units (such as countries, regions), but it is not clear what
those subsets are. Previous authors have used exogenous criteria such as weather or altitude
for region identi�cation. However, it is well known in social sciences that categorization is
possible in a large number of ways (the maximum number of such categorization is bounded
only by the combination number, which can be very high even when number of states
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considered is low). Weather, politics, nature of inhabitants etc are just a few of those
criteria. It is unlikely that all those criteria will lead to formation of �region�which can
be tested for convergence. A unique framework for such region identi�cation is desirable
to test the theory. By utilizing data based clustering to identify the regions, we believe we
provide one answer in that direction. We use a v-fold cross-validation algorithm, normally
used in pattern recognition literature for the purpose.

0.25 Literature Review

In the last decade, two di¤erent strands of literature have been prominent in
identifying the convergence of total factor productivity or convergence in general. One,
started by Kumar and Russell, looks at the distribution of productivity by decomposing it
into di¤erent components and identifying the components that are converging or diverging
to something. The other strand, due to Philips and Sul, provides a new method to test
data-based clusters that are converging. One must be careful in applying Philips and Sul�s
method in convergence literature since it is related to sigma convergence. It should be noted
that beta convergence doesn�t imply sigma convergence (Furceri) and that one looks for beta
convergence in testing whether poorer regions are catching up with the wealthier regions. In
Table 1, we provide some major papers related to convergence test and how di¤erent tests
have been applied to test for agricultural total factor productivity convergence in literature.

Additionally, literature in convergence initially su¤ered from clarity of de�nition,
and it led to wrong tests and wrong conclusions (for example, look at the Lichtenberg�s
criticism of Barro and Sala-i-Martin results). Initial confusion also stemmed from the lack of
robustness of the results. The structure of convergence literature in its initial phase therefore
looks like an expedition, where researchers looked for convergence at any country group
they could �nd, using whichever method seemed appropriate at the time. The literature
has evolved from identifying convergence in relatively global block (world wide or OECD
convergence) to the convergence in �regions� or a �country�. Pioneering authors in this
literature such as Baumol; Barro; Barro and Sala-i-Martin; De Long; Islam; and Mankiw,
Romer and Weil found some form of convergence among OECD countries.

Besides those classical studies, some other studies related to the agricultural pro-
ductivities have been carried out. For example, Thirtle et al. calculated multifactor agri-
cultural productivity indices for Botswana�s agriculture. Results obtained using a unit root
test indicated that there was no regional convergence in agricultural productivity. Gyawali
et al. analyzed income convergence behavior of population in Alabama�s black belt region
and found to have a conditional convergence among di¤erent census blocks. Garofalo and
Yamarik estimated regional convergence by creating a state-by-state capital stock series.
This study reconciled the growth empirics�technique of Mankiw, Romer, and Weil as well
as with the empirical results of Barro and Sala-i-Martin using the new database covering
1977 � 96. The results indicated a convergence at the rate of 2% and suggested that the
Solow�s neoclassical growth model drives the empirical results of Barro and Sala-i-Martin.

In the empirical front, modeling and testing convergence hypothesis is also the
subject far from being settled. Lichtenberg believes that the hypothesis of convergence
and mean-reversion are not equivalent and asserts that the lowest initial productivity level
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followed by the highest subsequent productivity growth does not automatically imply con-
vergence. He shows that under certain assumptions, degree of convergence (� convergence)
does not depend at all on mean-reversion (� convergence), but under other assumptions, it
is a necessary condition but not a su¢ cient condition for convergence (� convergence). He
states that there is a convergence if

d[var(yt]
dt < 0 ............ (1)

Where yt = ln(Yt) Yt being total factor productivity at time t and var(yt) being
the variance across economies. In the case of only two time periods, indexed by beginning
period (1) and ending period (T), the hypothesis is expressed as

var(y1)
var(yT )

> 1::::::::::::::(2)
Mean-reversion as assumed by Lichtenberg is based on the following equation:

yT � y1 = �y1 + u (3)
We have suppressed the intercept for simplicity. The equation is rewritten as:

yT = (1 + �)y1 + u = �y1 + u:::::::(4)
where it is assumed that �1 � � � 0 and that 0 � � � 1. According to Licht-

enberg, most of the previous studies have estimated equation (3) or (4) in order to test
the hypothesis that � < 0 or that � < 1. This hypothesis is actually a mean-reversion
hypothesis, which indicates that economies with the lowest initial productivity level tended
to have the highest subsequent productivity growth. Mean reversion is just a necessary
condition for convergence under certain assumptions but not a su¢ cient condition.

Lichtenberg�s convergence hypothesis is as follows:
(Test Statistic)T1 =

var(A1)
var(AT )

= R2

(1+�)2
= R2

�2
~F (N � 2; N � 2):::::::::::: (5)

where N is number of countries and R2 is �t value obtained from regression analy-
sis. He employed this convergence hypothesis to test per capita output convergence for 22
OECD countries from 1960 to 1985. The results indicated mean-reversion but no conver-
gence. Among other researchers who analyzed the productivity issue using Lichtenberg�s
method, McCunn and Hu¤man are prominent. They analyzed convergence in U.S. pro-
ductivity growth for agriculture by using state level crop, livestock, and agricultural total
factor productivity (TFP) data from 1950� 82. They examine the question of convergence
to a single TFP (� convergence) or to a steady state rate of growth (� convergence). The
results indicated no � convergence but found �-convergence, which is in accordance with
Lichtenberg�s study.

In a critique of Lichtenberg�s method, Carree and Klomp argue that Lichtenberg�s
assumption that the ratio of the variance in the �rst time period to that in the last period of
the sample time series as F-distributed overlooks the dependency between the two variances.
This causes a probability of committing a type-II error implying that one may incorrectly
reject the convergence hypothesis. The authors propose two alternate tests for testing the
convergence hypothesis. The authors derived the �rst test statistic (T2) using the likelihood-
ratio principle and second statistic (T3) by correcting distribution of Lichtenberg�s test
statistic (T1). The three tests are formulated as follows:

T1 =
^
�
2

1

^
�
2

T

::::::: (6)
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T2 = (N � 2:5) ln
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:::::: (8)

Where T1 ~ F (N � 2; N � 2) , T2 ~ �2(1) , and T3 is distributed normally, where
N represents number of countries or regions in the sample. Carree and Klomp tested the
convergence hypothesis employing these three tests for a data set of gross domestic per
capita for 22 OECD countries for the 1950�1994, period. All three test statistics indicated
a decrease in variance of productivities. However, when authors employed the test statistics
for the 1960�1985; Lichtenberg�s T1 test statistic indicated no convergence of gross domestic
product while the other two tests (T2; T3) indicated convergence. The authors also tested
the convergence for short time periods by breaking the 1950-1994 periods into four sub-
periods consisting of 12 years. The T2 and T3 test statistics for these sub-periods indicated
convergence of GDP while T1 statistics found no convergence, indicating that Lichtenberg�s
test statistic for shorter time periods has a large probability of committing type�II error.

0.26 Method

This article employs three models of convergence for testing the U.S. state agri-
cultural TFP growth rate convergence. The �rst model is similar to the one employed by
Carree and Klomp. The model is:

yit = �yi;t�1 + �it; t = 2; : : : ; T ;i = 1; : : : ::; N ........... (9)
Where yit = ln(Yit), where Yit is the productivity in state i at time t, and

^
�
2

t =

X
t

(yit�
�
y t)

2

N ...........(10)
Equation (10) represents the variance of yit across states. The intercept in the

equation (9) is suppressed. According to Carree and Klomp, the null hypothesis of no

convergence is equivalent to the parameter restriction �2 = 1� �2v
�21
. TFP converges overtime

if �2 < 1��2v
�21
. Test static T2 (equation 7) is used to test the null hypothesis of no convergence

for the convergence model speci�ed in equation (9).
The second model employed is the one proposed by Lichtenberg. This equation is

derived from equation 9.
yiT = �yi1 + ui; i = 1; : : : :; N . ............(11)
where � = �T�1 and ui =

PT
t=2 �

T�1vit . Lichtenberg proposed T1 test statistic
(equation 6) to test the null hypothesis of no convergence for the model in equation 11,
whereas Carree and Klomp argued that T1test statistic is not correct and proposed T3 test
statistic (equation 8) to test the convergence hypothesis for equation 11.

Thirdly, McCunn and Hu¤man�s approach is employed to test for unconditional
convergence across geographic regions. The model is:

var(lnTFPt) = �1 + �2t+ "t ........ (12)
20

20Equation 12 can be transformed so that the convergence test can be based on panel unit root approaches.
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The su¢ cient condition for convergence is that the cross-sectional dispersion in
agricultural TFP decreases overtime which means that negative �2 which is su¢ ciently far
away from zero indicates an unconditional convergence (McCunn and Hu¤man). We used
the same approach used by McCunn and Hu¤man to test for unconditional convergence
except for the fact that we used a cluster analysis method to identify convergence group.
Additionally, we used human capital theory to describe the productivity di¤erence among
di¤erent states.

0.26.1 Cluster Analysis

We used a v-fold cross-validation algorithm for automatically determining the
number of clusters in the data. This algorithm is immensely useful in all general "pattern-
recognition" tasks. This cluster analysis method is later compared with other methods in
the existing literature, in particular the one where clusters are determined exogenously. Our
repudiation of existing methods where clusters are exogenously determined stems from the
philosophy that the number and characteristics of the groups are to be derived from the
data and shouldn�t be assumed prior to the analysis (A�� and Clark).

The general idea of v-fold cross-validation method is to divide the overall sample
into a number of v folds. The same type of analysis is then successively applied to the
observations belonging to the v � 1 folds (training sample), and the results of the analyses
are applied to sample v to compute some index of predictive validity. The results for the
v replications are aggregated (averaged) to yield a single measure of the stability of the
respective model, i.e., the validity of the model for predicting new observations (details on
this method can be found in Smyth).

0.27 Data

Data samples used for this study were obtained from United States Department
of Agriculture, Economic Research Service (USDA/ERS). The estimates of TFP for the 48
contiguous States for 1960�96 were obtained from the USDA/ERS website. The TFP values
were calculated taking Alabama 1996, as the base period. Table 2 illustrates the ranking of
the states in terms of TFP during the initial and last period of the data set. Human capital
data sample used in the analysis were obtained from Mulligan and Sala-i-Martin.

0.28 Results

To test the convergence of total factor productivity, the data samples were ana-
lyzed using all the three methodologies discussed earlier in the paper. The results using
Lichtenberg�s approach are presented in Table 3. The results show that the aggregate U.S
agriculture sector does not show any evidence of convergence across the states based on the
total factor productivity.

The results obtained by using Carree and Klomp�s approach are also presented in
Table 3. The results suggest that though the approach in testing the convergence hypothesis

See papers by Rezitis (2005, 2010).
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varies, the end result is the same for the data analyzed in this study. We fail to reject the
null hypothesis of no convergence using this approach. Conclusion from this approach is
similar to that of Lichtenberg approach indicating that there exists no convergence in the
U.S agricultural sector at the aggregate state level.

0.28.1 Formation of regions using cluster analysis and convergence

V-fold cross validation, as well as three other criteria (approximate expected overall
R2, cubic clustering criteria, pseudo F-test), indicated that in the case of 42 states (this
excludes Hawaii, Alaska, and New England states), there are 7 suitable clusters. In the case
of 48 states, the ideal numbers of clusters were found to be 6 clusters (See Table 4). In the
case of 42 states where we have found 7 clusters, there are 2 clusters with only 1 state �
West Virginia and Florida, therefore, leaving only �ve clusters to test for convergence. In
the case of 48 states and six clusters, similarly, there are two clusters with only one state
in them. In one cluster, we have Florida as the lone state, where as in the other, we had
only West Virginia �resulting in a need to test for convergence in only 4 clusters.

We examined the convergence among state TFP based on the ideal number of
clusters. As indicated earlier, these clusters were calculated based on the v-fold criteria as
well as approximate expected overall R2, cubic clustering criteria, pseudo F-test. For the
case of 42 states, the result indicated a correct sign (i.e. convergence) associated with �2
for three clusters and an incorrect sign (i.e. divergence) for the two clusters (See Table 5).

For the case of 48 states, the appropriate number of clusters was found to be six.
Two of these clusters had only one state in them, thus only four clusters were tested for
convergence. The results showed a correct sign associated with the coe¢ cient �2 for three
clusters, but these coe¢ cients were insigni�cant. One cluster, however, had a positive sign
associated with �2 indicating that there is a divergence in TFP among the states in that
cluster.

If there is divergence, then one particular question of interest is what drives this
overall divergence. One possible explanation might be path dependency of each region.
That their divergence today is a result of historic events that probably occurred long ago.
For example, some states had educational institutes, others didn�t have. Some states were
initially inhabited by educated migrants; others were inhabited by farmers who emphasized
relatively more on farming. Indeed, di¤erent papers in the past have indicated that diver-
gence is complicated by the accumulation of human capital in each states and regions. We
will discuss this issue later when we discuss about the role of human capital.

0.28.2 Comparison with existing results

We compared our results with the existing result from Mccunn and Hu¤man, which
tackles the question we explored in a di¤erent way. Our research di¤ers on methodology
and clusters formation from theirs. Results from McCunn and Hu¤man�s approach are
presented in Table 6. When we look at regional data, there seems to be some evidence
against the null hypothesis of no convergence in these particular regions. The results show
Cornbelt and Lake States having a negative and statistically signi�cant parameter estimate
for time variable t; suggesting convergence is taking place in these regions.
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We also ran cluster analysis in which we attempted to �nd 10 clusters from the
data following McCunn and Hu¤man�s original selection of 10 groups. When we used data
based clustering to �nd ten clusters from data, the number of states and states within each
cluster were quite di¤erent from McCunn and Hu¤man�s original 10 groups and the states
included in those groups (See Table 7). For example, in our analysis of 42 states, we found
that there are three clusters containing only one state. A cluster identi�ed by the cluster
analysis contained 14 states. Compared to McCunn and Hu¤man, the maximum number of
states in a group was eight (Mountain Region). In our analysis of 48 states, we found three
clusters containing only one state; however, only two clusters contained the same state. In
the case of 42 states, we had ND, FL and WV in each cluster itself where as in the case
of 48 states, we had IA, FL and WV in a cluster itself. The convergence test is therefore
conducted for only seven clusters in both cases. What we have consistently observed in all
cases is that FL and WV are unique states that are unlike other states in TFP growth.

The results for regional convergence test based on 10 clusters and 42 states are
presented in Table 8. The results indicate no regional convergence although three clusters
had correct signs (negative coe¢ cient) associated with the parameter �2. In two clusters
(Clusters 6 and 9), the sign was positive and signi�cant, indicating that there is a divergence
in TFP among states in these two clusters. One way to explain it is by using Bertola�s logic:
that in a situation in which technological advances are highly localized and its di¤usion is
slow, one may see persistent di¤erence or divergence in regional or national productivity.
The results for 10 clusters and 48 states are also presented in Table 8. We found that six
clusters possessed a correct sign associated with parameter �2, although none of those were
found to be signi�cant. Only one cluster (Cluster 2) had an opposite sign which indicates
divergence among the states within the cluster.

0.28.3 Human Capital

Human capital has been described as the contributor of growth in Mankiw, Romer
and Weil, Lucas, and Shultz. Recent researches on total factor productivity convergence are
emphasizing the needs for considering human capital as a factor of growth. For example,
Miller and Upadhyay found that human capital has a signi�cant impact on output when it is
included as a factor of production. Human capital, when considered as an input, lowers the
labor elasticity of output when compared to the production function without human capital.
Similar �ndings were shown in a study by Coulombe and Tremblay. Their analysis indicated
that in an open economy with perfect capital mobility, the dynamics of human capital
accumulation is the driving force behind the economic growth. According to them, in the
process of convergence, physical capital accumulation is driven by accumulation of human
capital and per capita income disparities across economies are explained by disparities in
human capital stock. Their results indicated that advance education indicator (human
capital) explains roughly 70% of the relative evolution of per-capita income since 1951
across the Canadian provinces. Similarly, Maudos, Pastor, and Serrano had developed
Malmquist indices of productivity including human capital as an additional input. Their
results indicated the existence of a signi�cant e¤ect associated with human capital and its
importance for an accurate measurement of TFP .

We take these results as our guide and explore if human capital can describe the
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disparities in agricultural total factor productivity di¤erences over time across states as seen
above in our result. The following panel data formulation is used to explore the relationship
between human capital and total factor productivity in both parametric and nonparametric
speci�cations

TFPit = f(Hitk) + uit:::::::::::::(13)
Here, TFP is total agricultural factor productivity, H is human capital, u is error

term. If the functional form f(H) is speci�ed, it is a parametric model. Our parametric
model has linear speci�cation between TFP and H. The number of states and time period
for the data are appropriately recognized. We estimated �xed e¤ects and random e¤ects
models in parametric speci�cations. In addition to parametric model, we also estimated
equation (13) using a nonparametric approach. Estimation results are compared to original
data using a graphical approach.

The results from the panel data model are shown in Table 9. We estimated one
way �xed e¤ects and two ways �xed e¤ects models. In the one way �xed e¤ects model,
we assumed that agricultural productivity di¤erences are caused by state heterogeneity in
human capital. The result from the �xed e¤ect model indicates that human capital does
play a signi�cant role in determining the total factor productivity. The coe¢ cient associated
with human capital in this model is signi�cant at a level of 1%. R2 from the model is 97%
indicating that human capital is able to explain most of the di¤erence in productivity
di¤erence. Hausman�s test indicated that we failed to reject the state level homogeneity
in agricultural total factor productivity. The coe¢ cients associated with each state were
found to be signi�cant. The highest coe¢ cient is associated with the state of Florida. The
results from the two way �xed e¤ects model indicated similar results, but the coe¢ cient
associated with human capital is found to be insigni�cant. Hausman�s test statistics rejected
the homogeneity of the state speci�c parameters in the model. Results from the random
e¤ects models (both one-way and two-way) also show the coe¢ cient associated with human
capital to be signi�cant. The M-test indicates that we were unable to reject the presence
of random e¤ects in the models.

In the absence of any assumption related to functional form between total
factor productivity and human capital, we should estimate the nonparametric model. The
nonparametric model showed that smoothing parameter value equaling to 0:809 should be
used to study the relationship. Figure 1 shows the prediction using the nonparametric
model. The �gure also shows the 90% con�dence interval of the predicted value. The
nonparametric model has a better �t as indicated by the residual sum of square from the
prediction model. Both parametric and nonparametric models thus show the correlation of
human capital with the productivity.

0.29 Conclusions

The study tested the evidence of total factor productivity convergence in the
United States� agriculture sector using a state level panel data. The empirical investi-
gation carried out in this paper did not �nd any evidence of convergence while looking at
the U.S. state-level agricultural TFP at aggregate level. However, we did �nd the support
for convergence within some of the clusters or within some of the regions. The ad hoc group-
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ings of states are modi�ed using a cluster analysis approach. Cluster analysis resulted in
entirely di¤erent sets of states than the grouping done by McCunn and Hu¤man, although
convergence in the regional level (cluster) did not improve signi�cantly compared to the
�ndings of McCunn and Hu¤man.

An attempt to explain agricultural productivity di¤erences across states with hu-
man capital in both parametric and nonparametric models support the idea that a higher
human capital index means higher agricultural productivity. This �nding is consistent with
earlier �ndings in the human capital model describing it as a determining factor for regional
di¤erences in growth and economic development.

The implication for policymakers of this study is two-fold: one is that there is
indeed some degree of divergence in total factor productivity; and that the total factor
productivity can be explained to some extent by human capital accumulation. If we are
bothered by the implication of divergence, then we should invest in human capital accu-
mulation in each states� or regions. These can be done directly� by investing in those
institutions, or indirectly, by encouraging people from those regions to acquire more human
capital. What is the better way �subsidizing training of individuals or investing directly in
institutions within those states� can be the subject of further research.
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Figure 1:

21

21Figure 1. Prediction of total factor productivity in agriculture as a function of human capital index
using a nonparametric regression (Note: Red line is the predicted value, yellow line is the upper con�dence
interval, purple line is the lower con�dence interval)
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Table 1. Summary of recent literature in convergence test, method used and
major �ndings.

Authors(s) M ethods Ma jor F ind ings

Kumar and Russell(2002) Nonparam etric m ethod, Exam ined cross country

decomposition of productiv ity d istribution of lab or productiv ity,

concluded growth and bip olar

international d ivergence are driven

by cap ita l deep en ing

Rezitis(2005) Panel un it ro ot m ethod TFP di¤erence as m easured by the

d istance of countries in the data(EU

and US) from that of USA is stationary.

Jerzmanowski(2007) Decomposition TFP factors decomposed into ine¢ ciency

and tech d i¤erence. Found ine¢ ciency

drives the incom e di¤erences

Phillips and Sul(2007) Develop ed log t Convergence in relative cost of liv ing

convergence test in US cities is rejected . Identi�es d i¤erent

convergence clubs in data.

Fousek is(2008) Phillips and Sul m ethod Tests convergences in p ou ltry and egg

market. F inds convergence in p oultry

market,but clusters in egg market

Panapoulou et al(2009) Phillips and Sul m ethod Tests for convergence in CO2 in 128

countries; �nds global convergence in itia lly

but then clusters which converge to their

own equilibrium .

Reizitis(2010) W indow Malmquist Index TFP in agricu lture in EU countries was

Approach found to converge in a subset of study

p eriod (1983-1993), but not for all p eriod .

L iu et a l (2010) Error Correction M ethod ��convergence for TFP in US Agricu lture
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Table 2. States Ranked by 1996 Level of Productivity
1996 1960 Average Annual Growth(1960-96)

state Rank Level Rank Level Rank Growth
CT 1 1.509 20 0.549 2 0.0284
FL 2 1.504 2 0.701 17 0.0212
GA 3 1.398 14 0.560 6 0.0254
NC 4 1.386 22 0.522 3 0.0271
IA 5 1.299 1 0.712 37 0.0167
WA 6 1.287 19 0.554 10 0.0234
ID 7 1.218 21 0.525 11 0.0234
SD 8 1.213 6 0.613 27 0.0190
ME 9 1.208 11 0.593 22 0.0198
DE 10 1.197 10 0.595 24 0.0194
AR 11 1.184 29 0.484 7 0.0249
KY 12 1.181 27 0.496 9 0.0241
CA 13 1.146 7 0.612 35 0.0174
WI 14 1.137 3 0.684 42 0.0141
MN 15 1.132 12 0.592 32 0.0180
NE 16 1.122 17 0.557 23 0.0195
PA 17 1.112 25 0.500 13 0.0222
VT 18 1.102 15 0.560 28 0.0188
SE 19 1.100 36 0.456 8 0.0244
IL 20 1.093 9 0.599 38 0.0167
CO 21 1.083 4 0.654 43 0.0140
NJ 22 1.08 13 0.581 36 0.0172
LA 23 1.074 46 0.386 1 0.0284
NY 24 1.042 8 0.603 39 0.0152
IN 25 1.04 24 0.51 21 0.0198
MS 26 1.034 44 0.398 4 0.0265
MA 27 1.033 33 0.477 15 0.0215
KS 28 1.032 5 0.636 45 0.0134

CONT....
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AL 29 1.000 23 0.511 29 0.0186
ND 30 1.000 40 0.437 12 0.0230
OR 31 0.990 31 0.479 19 0.0202
MI 32 0.981 47 0.384 5 0.0261
NM 33 0.969 37 0.45 16 0.0213
MD 34 0.954 34 0.468 20 0.0198
MO 35 0.933 26 0.498 34 0.0174
AZ 36 0.925 18 0.556 41 0.0142
NH 37 0.924 39 0.442 18 0.0205
VA 38 0.916 43 0.423 14 0.0215
UT 39 0.913 30 0.480 33 0.0179
OH 40 0.884 35 0.460 31 0.0181
NV 41 0.855 16 0.559 46 0.0118
RI 42 0.851 41 0.424 25 0.0193
TX 43 0.778 32 0.478 44 0.0135
TN 44 0.775 45 0.387 26 0.0193
MT 45 0.707 42 0.423 40 0.0143
OK 46 0.699 28 0.49 47 0.0098
WY 47 0.630 38 0.449 48 0.0094
WV 48 0.485 48 0.248 30 0.0186
Source: USDA/ERS 2003 State Productivity Data.
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Table 3: Values Obtained From Three Test Statistics
Test Statistic Test Value Critical Value
T1(Lichtenberg) 0:78 2:12
T2(Carree and Klomp) 0:59 3:84
T3(Carree and Klomp) 1:04 1:64
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Table 4: Appropriate Number of Clusters in TFP Data as obtained from Cluster
Analysis

42 States 48 states

Cluster States in the cluster Cluster States in the Cluster

1 3-GA, NC, WA 1 7-CA,DE,GA,IA

NC,WA,WI

2 14-PA,SE,AR 2 18-AL,AZ,IN

CO,MN,NE,NY LA,MA,MD,MI

SD,ID,IL,IN,KS MS,ND,NH,NJ

KY,OR NV,OH,PA,RI

SC,UT,VA

3 1-WV 3 1-WV

4 6-MT,NM,OK 4 1-FL

TN,TX,WY

5 13-UT,AL,AZ 5 7-MO,MT,NM

ND,NJ,NV,VA OK,TN,TX,WY

OH,LA,MD,MI

MO,MS

6 4-CA,DE,IA,WI 6 14-AR,CO,CT

ID,IL,KS,KY,ME,MN

NE,NY,OR,SD,VT

7 1-FL
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Table 5:
42 states 48 states
Cluster 1 Estimates(std err) Cluster 1 Estimates(std err)
�1 0.0063��(0:0013) �1 0.0094��(0:0009)
�2 -0.0000(0.0000) �2 -0.0000(0.0000)
Cluster 2 Cluster 2
�1 0.0083��(0:0008) �1 0.0084��(0:0015)
�2 -0.0001(0.0000) �2 -0.0000(0.0000)
Cluster 4 Cluster 3
�1 0.0025�(0:0014) �1
�2 0.0004��(0:0001) �2
Cluster 5 Cluster 4
�1 0.0056��(0:0008) �1
�2 0.0000(0.0000) �2
Cluster 6 Cluster 5
�1 0.0113��(0:0020) �1 0.0041��(0:0014)
�2 -0.0001(0.0000) �2 0.0003��(0:0001)
Cluster 7 Cluster 6
�1 �1 0.0065��(0:0007)
�2 �2 -0.0000(0.0000)
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Table 6. Regression of Cross-Sectional Variance of TFP on Trend by Regions,
1960-1996 (Based on McCunn and Hu¤man Clusters)

Reference Area/Coe¢ cient Estimates (Standard Error)
Appalachia (�ve states)
�1 0.1007��(0:0043)
�2 0.0010��(0:0002)
Adj R2 0.28
Corn Belt (�ve states)
�1 0.0268��(0:0019)
�2 -0.0003��(0:0001)
Adj R2 0.27
Delta States(Three states)
�1 0.0079��(0:0016)
�2 0.0000(0.0000)
Adj R2 0.00
Lake States (Three states)
�1 0.0707�(0:0042)
�2 -0.0022��(0:0001)
Adj R2 0.79
Mountain States(Eight states)
�1 0.0112��(0:0026)
�2 0.0007��(0:0001)
Adj R2 0.40
Northeast (Five states)
�1 0.0190��(0:0016)
�2 -0.0001(0.0007)
Adj R2 0.01
Northern Plains(Four states)
�1 0.0190��(0:0065)
�2 -0.0003(0.0003)
Adj R2 0.01
Paci�c States(Three states)
CONT..
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Table 6. CONT...
Paci�c States(three states)
�1 0.0131(0.0001)
�2 -0.0000(0.0000)
Adj R2 0.02
Southern Plains(Two states)
�1 0.0001(0.0007)
�2 0.0001��(0:0000)
Adj R2 0.23
Southeast (Four States)
�1 0.0356��(0:0039)
�2 0.0001(0.0001)
Adj R2 0.01
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Table 7. Cluster of states used in the convergence check (10 clusters)
Clusters Based on McCunn Based on cluster analysis

and Hu¤man Clusters 42 states 48 states
1 NY,NJ,PA, DE 1 9-AL, LA, MD, MI 1-WV

MD MS, NM, OH
2 MI,MN,WI 2 12-AR, CO,ID,IL 4-MA,NJ

IN,KS,KY,MN,NE RI,PA
NY,RI,PA,SC,SD

3 OH,IN,IL,IA,MO 3 7-AZ,MO,NJ,NV 12-TX,UT,NH,AZ
OK,TX,UT VA,OK,TN,LA

NM,NV,MD,MO
4 ND,SD,NE,KS 4 3-CA,DE,WA 2-WY,MT
5 VA,WV,KY,NC,TN 5 1-WV 13-AR,VT,WI,OR,

SD,NE,NY,MN,ME
IL,KS,KY,CO

6 SC,GA,FL,AL 6 2-WY,MT 3-NC,ID,CT
7 MS,AR,LA 7 1-FL 7-AL,OH,SC

ND,MI,MS,IN
8 OK,TX 8 2-GA,NC 1-FL
9 MT,ID,WY,CO,NM, 9 2-IA,WI 4-WA,GA,CA,DE

AZ,UT,NV
10 WA,OR,CA 10 1-ND 1-IA
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Table 8. Assessing convergence among states based on 10 clusters
42 states 48 states

Cluster 1 Estimates(Std Error) Cluster 2 Estimates(Std Error)
�1 0.0078��(0:0006) �1 0.0039��(0:0018)
�2 -0.0000(0.0000) �2 0.0001(0.0018)
Adj. R2 0.27 Adj. R2 0.04
Cluster 2 Cluster 3
�1 0.0083��(0:0008) �1 0.0105��(0:0010)
�2 -0.0001(0.0000) �2 -0.0001(0.0000)
Adj. R2 0.27 Adj. R2 0.27
Cluster 3 Cluster 4
�1 0.0063��(0:0001) �1 0.0105��(0:0010)
�2 0.0000(0.0000) �2 -0.0001(0.0000)
Adj. R2 0.27 Adj. R2 0.27
Cluster 4 Cluster 5
�1 0.0034��(0:0008) �1 0.0105��(0:0010)
�2 0.0000(0.0000) �2 -0.0001(0.0000)
Adj. R2 0.27 Adj. R2 0.27
Cluster 6 Cluster 6
�1 -0.0021(2.2849) �1 0.0105��(0:0010)
�2 0.0004��(0:0001) �2 -0.0001(0.0000)
Adj. R2 0.27 Adj. R2 0.27
Cluster 8 Cluster 8
�1 0.0074��(0:0014) �1 0.0074��(0:0014)
�2 -0.0001(0.0000) �2 -0.0001(0.0000)
Adj. R2 0.10 Adj. R2 0.10
Cluster 9 Cluster 9
�1 -0.0008(0.0009) �1 0.0074��(0:0014)
�2 0.0001��(0:0000) �2 -0.0001(0.0000)
Adj. R2 0.10 Adj. R2 0.10
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22

Table 9. E¤ect of human capital on total factor productivity in US agriculture
Dependent One Way Two way One Way Two Way
variable Fixed E¤ect Fixed E¤ects Random E¤ects Random E¤ects
Human Capital 3.02 -0.21 0.78�� 0.70��

Index (0.23) (0.22) (0.02) (0.06)
F-value or M-value 5.26� 25.94� 93.89�� 11.65��

R-square 0.98 0.99 0.82 0.36

22Note: for states within each cluster, refer to Table 2




