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ABSTRACT 

An intermediate level model for tropical climatology including atmosphere-land
ocean interaction is developed. The model contains basically linearized steady state 
primitive equations with simplified thermodynamics. A simple hydrological cycle 
is also included. Special attention has been paid to land surface processes in at
tempting to study climate change caused by Amazon deforestation. In comparison 
with previous simple modeling work on tropical climatology or anomaly, the present 
model is more sophisticated in the sense that it predicts all the important meteoro
logical variables with little input, while being computationally simple. 

The modeled tropical climatology appears to be realistic. The model generally 
better simulates the ENSO anomaly compared to many previous simple model sim
ulations. We provide analysis of model results and discuss model deficiencies and 
possible improvements of the model. 

The climatic impact of Amazon deforestation is studied in the context of this 
model. Model results show a much weakened Atlantic Walker/Hadley circulation 
as a result of the existence of a strong positive feedback loop in the atmospheric 
circulation system and the hydrological cycle. The regional climate is very sensitive 
to albedo change and sensitive to evapotranspiration change. The pure dynamical 
effect of surface roughness on convergence is small, but the surface flow anomaly 
displays intriguing features. Analysis of the thermodynamic equation reveals the 
balance among convective heating, adiabatic cooling and radiation largely deter
mines the deforestation response. The model provides a plausible mechanism for 
the common results of many GOM simulations. Studies of the consequences of hy
pothetical continuous deforestation suggest that the replacement of forest by desert 
may be able to sustain a desert-like climate. 

When a simple mixed layer ocean model is coupled with the atmospheric model, 
the results suggest a 1°0 decrease in SST gradient across the equatorial Atlantic 
ocean in response to Amazon deforestation. The magnitude of the decrease depends 
on the coupling strength. 
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Chapter 1 

INTRODUCTION 

1.1 Objectives 

The tropical Amazon rainforest is undergoing deforestation at an alarming rate. 

Since the pioneering work of Dickinson and Henderson-Sellers (1988), atmospheric 

general circulation model (GeM) simulations have shown, in addition to other (e.g., 

ecological) effects, the possibility of drastic regional climate change as the con

sequence of artificial perturbation to the land surface. However, different GeM 

experiments vary greatly in their predictions (Table 1.1). For instance, some simu

lations predict a moderate rainfall increase while many others predict a large rainfall 

decrease. The causes of these differences are poorly understood in terms of the pro

cesses of land surface and atmospheric responses. Different modelers have sharply 

contrasting views on the relative importance of various land surface properties in

fluencing the climate. Today the question of the climatic impact of Amazon defor

estation is still unsolved and it pushs at the limit of our understanding of tropical 

climate processes. 

Taking an 'analytical' approach to avoid numerous complications of the GeM, 

this work attempts to explore the underlying mechanisms responsible for the cli

mate change and the roles of various land surface properties. The major questions 
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Table 1.1: Comparison of GCM simulations of Amazon deforestation. Modified 
from Nobre (1994). boMoisture convergence was calculated as the difference of boP 
and boE. 

GeM Simulation of Amazonia Deforestation 
Reference* boT (OC) boP boE bo Moisture Conv. 

mm/day mm/day mm/day 
H-S & G 

0 -0.6 -0.45 -0.15 
(1984) 
DHS 

+3 0 -0.56 +0.56 
(1988) 
Lean & 

+2.4 -1.34 -0.85 -0.49 
Warrilow(1989) 

Nobre et al. 
+2 -1.75 -1.37 -0.38 

(1991) 
Dirmeyer 

+1.3 +0.09 -0.4 +0.49 
(1992) 
D&K 

+0.6 -1.4 -0.7 -0.7 
(1992) 

H-S et al. 
+0.6 -1.61 -0.64 -0.97 

(1993) 
Maazi 

+1.3 -0.04 -0.31 +0.27 
(1993) 

Lean & Rowntree 
+2.1 -0.81 -0.55 -0.26 

(1993) 
Polcher & 

-0.11 -0.51 -0.35 -0.16 
Laval(1993) 
Sud et al. 

+2.0 -1.48 -1.22 -0.26 
(1994) 

*H-S and G = Henderson-Sellers and Gornitzj D & H-S = Dickinson and Henderson
Sellersj D & K = Dickinson and Kennedy. 
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addressed are: 

• What are the consequences of Amazon deforestation on regional climate? 

• How does the climate system respond to land surface change? In particular, 

what are the responses of atmospheric Walker/Hadley circulation and the 

hydrological cycle? 

• What are the relative roles of major land-surface-related properties, namely, 

albedo, evapotranspiration and surface roughness? 

• What is the possibility of teleconnection and its effects on ocean? 

• What are the consequences of further degradation of the land surface? 

• How realistic is the model and what is the implication of the 'analytical' results 

to GeM studies? 

To answer the above questions, we develop an i.ntermediate level model of tropical 

climatology including atmosphere-land-ocean interaction. This model is the first of 

its type in modeling tropical climatology emphasizing land surface processes. The 

model predicts essentially all the major meteorological variables. Results show that 

the model well simulates the climatology and in general does better than many other 

simple models in simulating El Nino/Southern Oscillation anomaly. We anticipate 

the wider application of this model in the future. 

1.2 Historical Perspective 

The traditional view had been that climate, primarily precipitation, temperature 

and solar insolation, essentially determines ecology, i.e., what is on the land surface, 
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particularly what type of vegetation cover. It was Charney who first proposed 

a scientifically sound mechanism by which artificial reduction of vegetation cover 

over the Sahel can increase local albedo, reduce atmospheric heating, enhance the 

Hadley circulation, reduce precipitation at its sinking branch, thus further hinder 

the growth of vegetation (Charney, 1975). This idea was subsequently- confirmed 

by GCM modeling (Charney et al., 1977), though the GCM showed much more 

complexity. Over the last two decades many numerical experiments have shown 

that the alteration of the land surface can influence the climate (e.g., Charney 

et al., 1977; Shukla and Mintz, 1982; Sud and Molod, 1988; Sud and Fennesey, 

1982; Sud et al., 1988; Sato et al., 1989; and review of GCM experiments of land 

surface processes in Mintz, 1984 and Rowntree, 1988). One of the most important 

implications of these GCM experiments is that climate and vegetation coexist in a 

dynamic equilibrium that could be altered by large perturbations in either of the 

two components. 

The climate system is an extremely complex system. The equilibrium climate 

is determined by complex interactions among the dynamic and thermodynamic and 

trace gas exchanges. Therefore quantitatively estimating the effects that large scale 

change in vegetation cover can have on atmospheric circulation and rainfall has been 

a difficult task. Results from early models have often been inconclusive and some

times conflicting. Generally these models lacked adequate spatial resolution and 

realistic treatment of complex land surface processes. Very crude parameterization 

were used and surface conditions were artificially switched between extremes (e.g., 

Shukla and Mintz, 1982) without adequate representation of surface and ground 

hydrology and water and energy transfer in soil and vegetation. 

Following Dickinson (1984), land surface-atmosphere interaction schemes have 
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been developed (e.g., Dickinson et al., 1986; Sellers, 1986). These comprehensive and 

integrated schemes include detailed water and energy transfer in soil and canopy. Im

portant quantities such as surface temperature are predicted by the model through 

a delicate surface energy balance. Within recent few years a number of GCM sim

ulations coupled with land surface scheme have been applied to the problem of the 

climatic impact of Amazon deforestation. 

The Amazon rainforest is the largest tropical rain forest in the world. The de

forestation there is increasing rapidly in recent years (e.g., Fearnside, 1987) and the 

climatic effect of tropical deforestation has long been a concern. Present modeling 

efforts on this issue are still addressing processes, mechanisms, and sensitivities, i.e., 

we do not yet know what information and modeling tools wouid be needed to real

istically provide future projections of changes from deforestation. The importance 

and effect of individual details of the land parameterizations and the improvements 

needed are still largely unknown. 

Henderson-Sellers and Gornitz (1984) modeled the effects of Amazon deforesta

tion with a very coarse resolution model in which a crude land surface parameteriza

tion was exploited. Most of the recent simulations assume a scenario in which basin 

wide forests are transformed into grassland following Dickinson and Henderson

Sellers (1988, thereafter DHS). DHS pioneered the GCM study of assessing the cli

matic impact of tropical qeforestation using coupled biosphere-atmosphere model. 

In the DHS study an early version of NCAR Community Climate Model (CCM), 

coupled with the Biosphere Atmosphere Transfer Scheme (BATS) of Dickinson et al. 

(1986), was used at a resolution of 7.50 X 4.50 (R15) to study Amazon deforestation. 

When the model's rainforests over Amazonia were replaced by degraded pasture, 

the calculated surface temperature increased and evapotranspiration decreased over 
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the region. The increase in surface temperature was attributed mostly to the de

creased roughness length of the grass vegetation compared to that of forest and the 

reduction of evapotranspiration to the amount of absorbed solar radiation for grass, 

a result primarily due to its higher albedo. On the other hand the calculated rainfall 

decreased in some parts of Amazonia but increased in other parts and the overall 

rainfall has no significant change. The DHS simulation was subsequently reviewed 

by Dickinson (1989a,b) and Shuttleworth and Dickinson (1989) who point out that 

the DHS experiment may have exaggerated the effects of deforestation on evapo

transpiration, especially during the wet season, due to overestimation of interception 

and excessive solar radiation incident at the surface. DHS themselves commented 

that too little was known at the time of the initiation of their simulation about 

tropical forest microprocesses to adequately prescribe the changes made to BATS. 

Also the very short integration means that the results they report were in principle 

a transient response to the applied disturbance. 

A GeM study was conducted at the U.K. Meteorological Office (Lean and War

rilow, 1989). The model's horizontal resolution was 3.75° X 2.5° and all the model's 

horizontal vegetation north of 300 S in South America was replaced by grass. Their 

results were similar to those in DHS: surface temperature increased and evapotran

spiration decreased for the pasture scenario compared to the forest one. Addition

ally, it was found that simulated precipitation was reduced over Amazonia. As in 

DRS the increase in surface temperature was attributed to the decrease in rough

ness length and the decrease in evapotranspiration to the reduction in the amount 

of absorbed solar radiation for grass due to its higher albedo. They also reported 

a decrease in the moisture convergence flux and noted that while the reduction in 

evaporation and the increase in temperature were primarily caused by the prescribed 
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change in the surface roughness length, the decrease discovered in the moisture flux 

convergence was caused by the prescribed albedo increase. More recently the same 

group (Lean and Rowntree, 1993) obtained a smaller reduction in precipitation and 

evaporation as the result of the use of a new interception scheme. The old inter

ception scheme was thought to have a too frequently wet canopy and therefore too 

much evaporation loss at the canopy surface. 

In a study by Nobre et al. (1991, initial results presented in Shukla et al., 1990), 

the NMC GCM model at 1.80 X 2.80 (R40) resolution coupled with SiB (Sellers, 

1986) was used. The model had SST fields mistakenly fixed at December values. 

The model again showed large decreases in precipitation and evaporation, and a 

decrease in precipitation is more than that in evaporation, indicating that the large 

scale atmospheric circulation responds to reduce moisture convergence (Shukla et 

al., 1990) and that the result of deforestation may be a longer dry season, perhaps 

making the deforestation self-perpetuating. Nobre et al.'s analysis is superior over 

other analyses in that they analyzed in detail many features of the atmospheric 

circulation. In particular they demonstrated an anomalous divergence pattern at 

low level and an anomalous convergence in the upper atmosphere. The surface pres

sure after deforestation was found to be slightly higher than in the control, a result 

seemingly in conflict with the wind divergence anomaly (Nobre, personal commu

nication). A follow-up work by Dirmeyer (1992) fixed the mistake of a perpetual 

December SST and conducted various sensitivity studies. Most surprisingly, albedo 

was shown to be the sole important factor in causing the decrease in precipitation. 

A prescribed reduction in evaporation does not cause significant change in precipita

tion due to the diurnal variation of water vapor transport from Atlantic to Amazon 

basin. 
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Dickinson and Kennedy (1992) used a new version of BATS (BATS1e) and a new 

version of OOM (OOM1) to study the same problem. The model included a slab 

ocean and interactive clouds. Unlike the DHS study, they found a large decrease in 

precipitation with approximately equal contributions from the reduction of evapo

ration and moisture convergence. Their analysis of the energy budget showed that 

the modification of surface energy balance through change of albedo and roughness 

are complicated by cloud feedbacks. The initial decrease of absorption of solar ra

diation by higher surface albedo is largely canceled by a reduction in cloud cover, 

but consequent reduction in downward longwave has a substantial impact on surface 

energy balance. 

Henderson-Sellers et al. (1993) used OOM1/BATS for a more thorough study of 

the problem. They also included a slab ocean model as well as interactive clouds. 

The model results showed a large decrease in evaporation and more than twice as 

much decrease in precipitation, indicating basin wide reduction in moisture con

vergence. However, the surface temperature increase is smaller than many other 

models. Analysis of streamflow showed the weakening of Walker and Hadley cir

culations. The influence was found to extend beyond the region of land-surface 

change, causing temperature reductions and precipitation increases to the south of 

the deforested Amazon. Surface climate became fully established in 1 to 2 years 

while root zone soil moisture is still decreasing in year 3 and the variability of soil 

moisture and total cloud amount continued increasing throughout the 6-year model 

integration. 

Sud et al. (1994) used GLA GOM and SSiB (Xue et al., 1991) to tackle the 

same problem. They particularly assessed the influence of the surface roughness 

length by comparing two 3-year long simulated deforestation scenarios with the 



20 

control. In the first scenario, the pasture replacing rainforest has the roughness 

length of grassland while the pasture in the second scenario has a roughness length 

of that of rainforest. The comparison of results from these two scenarios reveals 

large differences in surface winds, column moisture convergence, rainfall and diabatic 

heating fields. The rainfall changes little with the roughness-the-same-as-rainforest 

scenario even though other important factors such as albedo have changed. The 

reduction in evaporation is compensated for by a increase in moisture convergence. 

They concluded surface roughness is the determinant factor in causing precipitation 

reduction. They also found an indication of teleconnection. The large scale effect is 

to weaken the Hadley circulation but invigorate the southern Ferrel cell drawing a 

larger airmass from the indirect polar cells. 

While many of the studies discussed above show a large decrease in precipitation, 

some less known models have given an opposite conclusion. A list of different model 

results is shown in table 1.1. Some model results are also depicted in figure 5.2. 

1.3 Status of the Problem 

The most astonishing result from the majority of the models is a large reduction 

in evapotranspiration accompanied by a even larger reduction in precipitation (typ

ically a 30% decrease, Dickinson, 1991). In the traditional view of atmospheric 

control it would be conjectured that as evapotranspiration is reduced the large scale 

atmospheric circulation adjusts so that the moisture convergence over the region 

increases to compensate (at least partially) for the loss of moisture. What these 

GeMs show is just the opposite, i. e., large scale motion acts to further reduce mois

ture convergence (e.g., Nobre et al., 1991). Such a positive feedback is at an extreme 

in the work of Henderson-Sellers et al. (1993) where precipitation decrease is more 
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than twice the decrease in evapotranspiration. 

The above result is very striking and poorly understood. This result is appar

ently robust over different GCMs (some less known simulations do show different 

results, table 1.1). Although the different land parameterizations that have given 

this result are also seemingly different, they make many of the same assumptions. 

What particular features of the parameterizations largely control this result? Are 

such features adequately justified in terms of observation and do they have a good 

theoretical foundation? Some comparison of simulation and observation indicates 

interesting discrepancies, e.g., between simulated evapotranspiration and those ob

served during Amazon dry season (Shuttleworth and Dickinson, 1989). Although 

many researchers have attempted to interpret the results in the context of indi

vidual simulation and have indicated possible mechanisms (e.g., Nobre et al., 1991; 

Henderson-Sellers et al., 1993), the causes and mechanisms responsible for such large 

scale change remain obscure. The focus of this work is to explore the mechanisms 

and to single out those properties of the land surface which are most responsible for 

the simulated change, providing a unified view of the problem. 

Three features related to the land surface have been identified as important to 

deforestation study based on theoretical grounds and GCM results. Figure 1.1 is an 

'exhaustive' plot of possible feedbacks due to change in these three factors: Albedo, 

evaporation (soil moisture in the plot) and surface roughness. Although the large 

number of possibilities appear to be overwhelming, the most important loops are 

few for Amazon deforestation. 

Charney's (1975) albedo mechanism is frequently invoked to explain such feed

back. The mechanism is that an albedo increase reduces the energy received in the 

whole air column above, the air cools, then has to sink with subsequent warming to 
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Figure 1.1: Possible feedback loops to land surface perturbation. Modified from 
Sellers (1992). 
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compensate for the cooling, thereby inducing a downward motion superimposed on 

the original circulation. The overall effect is to reduce the precipitation. 

On the other hand, a large reduction in evapotranspiration alone can reduce 

rainfall. It does so by directly reducing the availability of moisture supply to the 

planetary boundary layer. How big the contribution is may largely depend on how 

much evapotranspiration is recycled as precipitation. Recycling of evaporation (we 

use evaporation and evapotranspiration interexchangeably in this article) depends 

highly on the spatial scale, season and location. For instance, Budyko (1974) es

timated that recycled evaporation is only 12% of the total precipitation over an 

area as large as European USSR. This simply implies that without contributions 

from evaporation, precipitation would be reduced by 12% assuming everything else 

stays the same. On the other hand, over central and eastern United States in sum

mer, the evaporation is found to be about 120% of precipitation (Rasmusson 1968, 

Mintz 1984). A quick and simple estimate shows that about 60% of the precipita

tion is recycled from continental evaporation (Appendix A). If the evaporation were 

eliminated, precipitation would be much reduced assuming atmospheric moisture 

convergence stays the same. In an early GeM simulation Shukla and Mintz (1982) 

found that precipitation over the same region with a hypothetical dry surface is less 

than half of that with a saturated surface, indicating the atmosphere is far from be

ing able to compensate for large scale surface condition changes (Mintz, 1984). For 

the Amazon, because of the unique topography, the moisture input from Atlantic 

ocean is largely precipitated out before or when it reachs the western Amazon due 

to orographic lifting. The basin wide evapotranspiration is expected to be mostly 

recycled and it accounts for about 50% of the total precipitation (Salati 1987; how

ever, Brubaker et aZ., 1993, and Eltahir and Bras, 1993, have estimated it to be 30% 
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and 25% respectively, the rest leaking out toward the south and north). 

The third factor of possible importance is surface roughness. This is especially 

important in surface energy balance as smaller roughness (as in the case of defor

estation) reduces turbulent transfer of latent heat from surface to atmosphere, and 

subsequently causes higher surface temperature and enhances outgoing longwave 

radiation (DHSj Lean and Warrilow 1989). Surface temperature is influenced more 

this way than through the direct effect of albedo change (Dickinson and Kennedy, 

1992). However this process is subtle and complicated by other factors such as cloud 

processes. Besides the role in perturbing surface energy balance, roughness also has 

obvious aerodynamic effects as smaller roughness reduces the friction acting on the 

boundary layer atmosphere (Sud et al., 1988). 

While decrease in evaporation and precipitation appears to be robust in many 

GCM simulations, the process( es) responsible has not been found to be the same by 

different modelers. For instance, Dirmeyer (1992) found albedo change is the sole 

important factor and pure decrease in evaporation does not reduce precipitation. In 

contrast, Sud et al. (1994) found that surface roughness is the determining factor. 

While earnest efforts have been made by researchers to interpret their results, the 

complexity of a GCM makes this hard to do. It is even harder to understand why 

different simulations give drastically different answers in the depiction of critical 

land surface features. 

1.4 A Hypothesis on the Mechanism 

Here we propose a mechanism in which a positive feedback loop exists in the climate 

system at South America-Atlantic region. Figure 1.2 illustrates how this mechanism 

might work. Depicted in the figure is a west-east cross section extending from the 
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~ 
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Andes Amazon Atlantic Ocean 

Figure 1.2: Illustration of Amazon-Atlantic atmospheric circulation. Shown is a 
cross section along equator. P - Precipitation; E - Evapotranspiration; R - Runoff. 
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Figure 1.3: Consequences of Amazon deforestation. Meridional change is not shown. 
The inner circulation is anomaly due to deforestation. 
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Andes mountain to the eastern Atlantic. The zonally asymmetric atmospheric cir

culation is the Walker circulation. The relatively steady Walker circulation brings in 

moisture at its lower branch (the trade wind) from Atlantic, which is then precipi

tated over Amazon. The latent heat released by condensation of water vapor in turn 

is the major driving force for the Walker circulation (Cornejo-Garrido et al., 1977), 

while the land-sea contrast is the ultimate cause. The trade wind pushes the ocean 

to move westward and pile up in the west Atlantic, corresponding to a SST gradient 

which again feeds positively back into the Walker circulation. The zonal asymmetry 

is the result of the existence of this positive feedback loop in which convective latent 

heating release plays a central role. Thus a perturbation to parts of this loop can 

be expected to cause a 'chain reaction'. As the forest is removed, evapotranspira

tion would be lower, due to the lower soil moisture content and lower efficiency of 

water transport in and above canopy, etc. As a result the precipitation and latent 

heat release would be less. Albedo feedback acts in the same direction to cool the 

atmosphere above (we ignore likely cloud feedback and diurnal cycle. See further 

discussion in Chapter 6). Higher surface temperature has the opposite effect of low

ering surface pressure and increasing convective instability. We suspect this latter 

effect cannot compete with the first two. Therefore the Walker circulation would 

be largely weakened. This decreases the trade wind and SST gradient and could 

possibly further weaken the Walker circulation (Fig. 1.3 ; We note that among the 

GCM experiments, the largest precipitation reduction relative to evapotranspiration 

reduction occurs in Dickinson and Kennedy, 1992 and Henderson-Sellers et al., 1993 

which are the only models including an interactive ocean so far). A weakening in 

the Walker circulation has been suggested by GCM experiments (Fig. 12d of Nobre, 

1991; Fig. 20 of Henderson-Sellers et al., 1993). The above reasoning does not con-
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sider latitudinal variation, in particular the Hadley circulation. However the Walker 

circulation should be the dominant feature and Hadley circulation likely responds 

to deforestation in the same direction. The atmospheric response to the Amazon 

deforestation is not unlike a warm episode of ENSO (El Nino/Southern Oscillation) 

in which shift in sea surface temperature (SST) causes the weakening of the Pacific 

Walker circulation and influences the convective regimes. 

The above hypothesis seems to provide a reasonable explanation for GeM re

sults. This work is intended to quantify this hypothesis using an intermediate level 

model (we use 'intermediate level model' and 'simple model' loosely and sometimes 

interchangebly in this work), at the same time to study sensitivities to the three 

identified land surface related features: albedo, evaporation and surface roughness. 
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Chapter 2 

DEVELOPMENT OF A MODEL FOR TROPICAL CLIMATOLOGY 

2.1 Background 

Simple modeling in the tropics has achieved great success over the last decade or 

two, especially in studying El Nino/Southern Oscillation (e.g, see Cane, 1992 for a 

review). The Matsuno-Gill type model (Matsuno 1966, Gill 1980, thereafter referred 

to as the Gill model as it is popularly called) is the central dynamical frame-work 

for most of the atmosphere models where heating is parameterized in terms of Sea 

Surface Temperature (SST) in various ways. 

Though the Gill model was originally used to study the climatological Walker 

circulation, the majority of the research has been focused on anomalous flow in 

the Pacific. There have been only few further modeling efforts devoted to tropical 

climatology. Webster (1972) used a simplified primitive equation model to study 

atmosphere response to prescribed heating. Geisler (1982) studied the Walker cir

culation. Davey and Gill (1987) modeled the tropical atmosphere with the addition 

of a highly simplified water budget. More recently Seager (1991) attempted to sim

ulate tropical climatology in a self-consistent model in which heating is internally 

produced by the model. The model's heating is parameterized in terms of New

tonian cooling and convective precipitation, similar to Davey and Gill. Instead of 
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using CISK type convective parameterization in which convection is assumed to oc

cur when there is large scale convergence (e.g., Zebiak, 1986), Seager requires the 

air must be buoyant relative to the environment following the views of Betts (1982) 

and Emanual (1989). Despite these efforts and partial success, Seager's model does 

not reproduce the intensity and limited spatial scale of convergence zones. The ef

fort to better parameterize moist processes appears not to have been significantly 

advanced. 

It has been realized that the major deficiency of such models lies in too simple 

a treatment of thermodynamics. Lindzen and Nigam (1987) emphasized the im

portance of boundary layer dynamics in influencing convection, though the model 

is mathematically similar to the Gill model. Wang and Li (1993) combine the Gill 

model with the Lindzen and Nigam's model and use a SST-dependent convective 

heating. With much room for parameter tuning, they were able to reproduce rea

sonably well the climatology over the tropical Pacific. 

Silva Dias et al. (1983) first applied the Gill model to the circulation over South 

America. Their main interest was the transient response to convection on time scales 

of a day to a few days. DeMaria (1985) studied the steady state response in a similar 

model but with finer vertical resolution. Kleeman (1989) and Gandu and Geisler 

(1991) studied the topography effects of the Andes, pointing to significant influence 

of topography on low level circulation. More recently Eltahir and Bras (1993) used 

Gill model to study the influence of deforestation to regional circulation, suggesting 

that the impact of large scale deforestation on the atmospheric circulation consists 

of two competing effects: the response to negative change in precipitation and the 

response to the positive change in surface temperature, owing to their different signs. 

The popularity of the Gill type model is largely due to its simplicity and analyti-
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cal wave solutions. Its success is based on the fact that latent heat release from deep 

convection generally maximizes at mid-atmosphere so the motion largely projects 

onto the gravest vertical mode. However, this is apparently invalid in regions of 

sinking motion where no deep convection occurs. The simple link between SST 

and convection has recently been questioned by many researchers (Fu et al., 1994; 

Zebiak, 1990). Adding different features to a simple model may obtain better com

parison with observation, but increases the complexity of the model. It is surprising 

that the more straightforward approach of using a more fundamental formulation 

has not been attempted. 

In this work we start from the linearized primitive equations with simplified 

thermodynamics. A simple hydrological cycle is included. Special attention is paid 

to the land surface which has been largely 'forgotten' in simple modeling. 

Before getting into a detailed description of the model, some important non dy

namical aspects that make this model different from previous modeling should be 

mentioned: The Rayleigh damping is applied to all the atmosphere layers while 

the boundary layer is also damped by surface drag parameterized by bulk transfer 

formula. For the Gill model, a large Rayleigh damping coefficient is necessary for 

achieving reasonably good results. This can only be justified in the boundary layer 

and always involves some arbitrariness in choosing the actual value. A bulk transfer 

formula is used in present model. The infrared radiational cooling is still parameter

ized by Newtonian cooling. In this parameterization actual temperature is assumed 

to relax back to an equilibrium temperature. In principle this equilibrium tempera

ture is the radiation equilibrium temperature when the atmosphere is in a state of 

no motion. It is determined by incoming solar radiation over land where the heat 

capacity is small and by SST over ocean whose heat capacity is large. The model 
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simulated temperature deviates from this equilibrium state. What appears to be 

crucial is the Newtonian cooling time which is normally about 20 days. This value 

is applicable over land where the surface adjusts quickly to solar heating. However, 

over ocean and on intra-seasonal time scales, SST does not respond directly to so

lar radiation due to its large heat capacity. IR radiation is, in contrast, controlled 

by SST. A one-month Newtonian cooling time results in a large deviation of the 

simulated actual temperature from the equilibrium temperature which is taken to 

be SST over ocean and observed surface temperature over land in model like that 

of Seager's (1991). Consequently, modeled temperature gradients would be much 

smoother than reality. This is likely the cause of the convergence zones being too 

wide in Seager's model. The complex processes by which SST controls convection 

and radiation are not well understood and are hard to parameterize in the present 

model on the basis of sound physics. However, as a post priori requirement, the 

model simulated temperature should not deviate too much from the equilibrium 

temperature over ocean. Thus a much smaller Newtonian cooling time neells to be 

used there. Over land the cooling time is chosen to be 26 days and the equilib

rium temperature is calculated using incoming solar radiation corrected by albedo. 

This also enables the model to assess response to land albedo change. The convec

tive heating is modeled proportional to precipitation which is computed by a CISK 

(Convective Instability of the Second Kind, Charney and Eliassen 1964; Kuo 1974) 

type parameterization. A realistic vertical convective heating profile will be used. 

This is made possible by the model vertical structure. 

The purpose of the present model is to start at a more fundamental level than 

the conventional Gill model in producing tropical climatology for the study of 

atmosphere-land-ocean response to the disturbance of deforestation. In this and 
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the following chapter we will describe the model and use it to simulate climatology 

and anomalies such as ENSO. 

2.2 Atmospheric Model 

2.2.1 Model Equations 

The atmospheric model is a quasi-linear, steady state model for the entire tropics 

with vertical log pressure and horizontal spherical coordinates. Since computing the 

Coriolis parameter takes no extra time it is employed rather than the conventional 

equatorial beta plane approximation. The model equations are basically linearized, 

steady state primitive equations: 

(Ia) 

(Ib) 

(Ie) 

(Id) 

(Ie) 

where subscripts x, y, z denote partial derivatives with respect to x, y, z. Here we 

use log-pressure vertical coordinate z = -Hlog(p/po), where H is the assumed 

constant atmospheric scah height; the horizontal coordinate x = a'x, where a is the 

radius of the earth and ,X is longitude; y = sin( 8), where 8 is latitude; U = ueos( 8), 

V = veos( 8), where u and v are the zonal and meridional components of the velocity; 

w is vertical velocity with respect to the log pressure coordinate and ZB is the 

thickness of boundary layer; <I> is geopotential height and T is the temperature. Q 
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is heating function. rX, rV are horizontal stress at the surface. Rand Cp are the gas 

constant and the specific heat of air. We adopt the following parameter values for 

our standard case: Rayleigh friction coefficient a = {5dayt\ The stability of the 

atmosphere is represented by buoyancy frequency N2 = 1O-4 j H = 8km. Parameter 

values used in the atmosphere model are listed in table 2.1. 

The simulated domain covers the entire tropics, extending to ±42°. In the 

vertical the lowest layer is approximately 2km high and represents the planetary 

boundary lay~r. The boundaries of the vertical layers are at 1000mb, 800mb, 500mb, 

Omb, with two free atmosphere layers on top of a boundary layer (Figure 2.1). 

The computer scheme is coded to allow as many vertical layers as permitted by 

computer time. At the north and south boundary, V = OJ at the top of atmosphere 

and surface, w = O. So the simulated domain is essentially a closed box. Possible 

effects due to wave reflection at north and south boundary are minimized by the 

fact that we are concerned with a region far away from the domain boundary. The 

horizontal resolution is 7.50 x4.5° at the equator (R15). The model contains an knife

edge Andes mountain in South America blocking the boundary layer. Figure 2.2 

shows model orography and resolution. 

2.2.2 Parameterization of Boundary Layer Drag 

The horizontal momentum stress at the lowest !ayer is found by the bulk aerody

namic formula: 

rX = CDiviU 

rV = CDivJV 

(2a) 

(2b) 

Equations (2a) and (2b) are applied to the boundary layer only. Surface roughness is 

determined from BATS {Biosphere-Atmosphere Transfer Scheme, Dickinson et at., 
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Table 2.1: Parameters used in the atmospheric model. 

Parameter Symbol value 
Gravity g 9.8 ms 2 

Radius of Earth a 6370. km 
Gas Constant for Air R 287.04 J kg-1 K-1 
Specific Heat of Air Cp 1.004 x 103 J kg-1 K-1 

Latent Heat of Condensation L 2.51 x 106 J kg-1 

Buoyancy Frequency N 1.0 x 1O-2s-1 

Atmosphere Scale Height H 8.0 km 
Rayleigh friction a (5day)-1 
Dry Adiabatic Lapse Rate rd 9.8°C /km 
IR Scaling Constant € 0.7 
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250mb ....................... U,V,<P 
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650mb ...................... , U,V,<P 
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Figure 2.1: Model vertical structure. 
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Andes 

Figure 2.2: Model orography. A knife-edge Andes mountain is represented by a 
thick black line. Amazon is distinguished only in deforestation simula.tion. 
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1993) vegetation type and parameter. The drag under neutral condition is param

eterized following CCM1 (Williamson et al., 1987) which originated from Deardorff 

(1972): 

(2c) 

where ZB is boundary layer height (about 2km here) and Zo is surface roughness 

length. This formulation is different from that used in high vertical resolution mod

els such as CCM2 in which a larger drag is applied to a much shallower layer (about 

80m). Because of the logarithmic relationship CDN computed from Eq. (2c) is 

slightly smaller than that of CCM2/BATS over the ocean, but can be as much as 

four times smaller over the tropical rainforest. This is an important factor to con-

sider in Amazon deforestation simulation. The atmosphere can be quite unstable 

when convection occurs through the whole vertical column, or over the trade wind 

region in the boundary layer, or over daytime desert in the lower troposphere. To 

account for the instability when dealing with a crude model thermodynamic treat

ment, we observe that similarity theory predicts that under unstable 'condition the 

drag coefficient slowly approachs 4-5 times that of its neutral value as instability 

becomes very large under a wide range of conditions (e.g., Arya,1988). We therefore 

somewhat arbitrarily set the drag coefficient CD at twice its neutral value every-

where: 

CD = 2CDN 

Surface stress 'T:Z:, 'TV are quadratic function of wind velocity. The observed surface 

wind instead of model wind is used as v in Eqs. (2a), (2b) (see discussion at the 

end of this section). The resulting 'effective' Rayleigh damping in the boundary 

layer is then O!" = IvICD/ZB with a minimum velocity of 2m/s. Figure 2.3 shows the 

calculated O!e. Over the Pacific it is in general agreement with the diagnosed result 
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of Li and Wang (1994), indicating that the velocity dependence largely accounts for 

the spatial variability of the surface Rayleigh damping. 

2.2.3 Parameterization of Long Wave Radiative Heating 

What is most important for our purpose is the heating function Q: 

with 

(3a) 

where QR is longwave radiational heating and Qc is heating due to latent heat 

release. 

As in Davey and Gill (1987), longwave radiation is parameterized by the Newto

nian cooling formula as in Eq. (3a), where T* is equilibrium temperature, T is actual 

temperature, r R is the relaxation time of atmosphere cooling or heating (heat capac

ity). The atmosphere is assumed to adjust instantaneously against dry convective 

instability so that T* is dry adiabatic: 

(3b) 

where r d = 9.8°C / km is the dry adiabatic lapse rate. Ta* over ocean is simply 

the sea surface temperature (SST). Over land results from previous work based on 

the observed surface air temperature does not seem satisfactory (e.g., Seager 1991). 

One reason is that the atmosphere adjusts away from this equilibrium temperature 

so that the modeled temperature T(z) inevitably deviates from observation. Here 

we use the incoming solar radiation S corrected by surface albedo A to calculate 

absorbed flux: 

F = (1 - A)S (3c) 
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Figure 2.3: Model equivalent Rayleigh friction in boundary layer. Units: 1O-5 s-1 
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where S is function of latitude only but varying with season (no diurnal cycle). 

In principle, one should do radiative transfer calculations to obtain an equilibrium 

temperature. For simplicity we use the Stephan-Boltzman's law 

(3d) 

to calculate Ta* over land, where € is a somewhat arbitrary scaling constant with a 

value close to the emissivity of the earth as a whole. In our model, € acts as a tuning 

parameter and is about 0.7. Such a parameterization automatically avoids the 

problem over deserts that high temperature causes large convergence and rainfall. 

A reasonable range for the Newtonian cooling time is about 20-30 days. How

ever, the corresponding small Newtonian cooling coefficient causes the simulated 

temperature T(z) to deviate too much from T*(z) over the ocean, resulting in an 

unrealistically smooth temperature distribution over the ocean. In reality, due to 

the large heat capacity of ocean, SST is not directly controlled by solar radiation. 

On the other hand it controls the atmosphere through boundary layer mixing, deep 

convection and radiative processes so that atmosphere temperature cannot be too 

far away from the equilibrium temperature. But it is difficult to parameterize such 

complex processes in a simple model. However, as a post priori requirement the 

modeled lower atmosphere temperature should not deviate too much from SST. 

Therefore a small TR has to be used. We find a 2 day Newtonian cooling time 

appears to be a good choice. Over land it is taken to be 26 days. 

2.2.4 Parameterization of Convective Latent Heating 

Convective latent heat release is proportional to precipitation P which equals large 

scale moisture convergence plus local evaporation. We assume all the moisture is 
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confined to the boundary layer. Moisture conservation requires that: 

(4a) 

if the right hand side is positive, and P is zero otherwise. The subscript B denotes 

the boundary layer, E is evaporation, PB is boundary layer thickness in pressure, the 

second term at the right hand side is moisture convergence in the boundary layer, 

9 is gravity, and q is boundary layer specific humidity. 

A CISK type parameterization requires large scale moisture convergence for con

vection to occur. For a climatological simulation, the present steady state model 

switches on the precipitation parameterization whenever the water budget allows: 

Qc = .,,(z)P 

with .,,( z) the vertical profile of convective latent heating. We adopt a typical pro

file which maximizes at a height Zu = 5.5km following Cornejo-Garrido and Stone 

(1977): 

Considering the coarseness of the model's vertical resolution fine details with above 

profile do not seem to be important. .,,( z) absorbs parameters such as latent heat 

of condensation and column air mass. The evaluation of Qc is completed by an 

integral constraint that total heating equals the total latent heat release. 

Tropical low level relative humidity is observed to be mostly between 65% and 

85%. We therefore approximate boundary layer humidity q by its saturation value 

q. at the lowest level: 

q = q.(T*(900mb)) 

Neelin and Held (1988) have demonstrated the plausibility of parameterizing specific 

humidity in terms of surface temperature. Our result is largely similar to theirs 
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(Fig. 3.1i). For an evaporation parameterization, such ignorance of air dryness has 

only a small effect in the tropics where moisture is abundant and can be somewhat 

compensated for by a general scaling (e.g., Priestly and Taylor 1972). Employing 

the bulk transfer formula: 

E = 1.5,BpCw lvl(qu - q) 

where,B is surface wetness, p is air density, q •• is surface saturation specific humidity, 

and Cw is a moisture transport coefficient taken to be the same as CD. A 1.5 scaling 

factor is used everywhere. As in the computation of surface stress, over the ocean 

observed surface wind is used for v, but with a minimun value of 4m/s. Over land 

2m/s is used everywhere. ,B is lover the ocean and a function of precipitation over 

land: 

with an upper and lower limit over land: 

ocean 
land 

0.2 <,B < 1 

( 4b) 

where Po, a criterion precipitation, = 7mm/day. Such a high precipitation rate 

(close to the annual average of Amazon precipitation) corresponds well to tropical 

rain forests where water vapor is supplied at nearly the potential rate through highly 

efficient evapotranspiration (Shuttleworth, 1988). Below this value, the functional 

relationship between wetness and climatological precipitation is extremely complex. 

It may well be nonlinear and vary from place to place, and can only be confidently 

assessed by a comprehensive land-surface model. Here we simply adopt a linear 

relation. The lower limit reflects the fact that an area is hardly completely dry 

even if a desert. One effect of imposing a lower limit is that precipitation is less 
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than evaporation for regions where moisture convergence is negative with a smaller 

magnitude than evaporation (e.g., see Fig. 5.1a at high albedo values). This implies 

a negative runoff in long term climatological sense. This appears to be unrealistic 

at first sight. However, on seasonal time scales observation shows an excess of evap

oration over precipitation over semi-desert regions (e.g., Sellers, 1965) and the extra 

moisture comes from soil moisture storage derived from a previous rainy season. 

Our model results show this excess is small and in a reasonable range. We also note 

that such a parameterization automatically, albeit not necessarily realistically, takes 

into account the climate-ecology equilibrium. 

The above formulation mimics the behavior of the bucket model. However, the 

evaporation calculation is not quite self-consistent. qu and q should be functions of 

model-produced temperature T6 instead of T6*' E should also be a function of model 

produced wind speed. Over a non-precipitating region, humidity and evaporation 

should adjust to a state where moisture divergence exactly balances evaporation as in 

Davey and Gill (1987). This requirement does not influence the precipitating region 

except at the precipitating-non precipitating boundary where moisture convergence 

may change somewhat due to humidity change. While all of the above apparently 

more realistic methods can be easily incorporated into the present model, tests show 

that there exist the so-called climate drift problem given more freedom. Some fields 

over some regions become worse while others improve (probably by coincidence) in 

comparison with observation. However, the drift is within the range of tolerance 

provided the model does have some room for tuning. We choose to have less freedom 

largely for the purpose of a deforestation simulation so that we can single out the 

major mechanisms without being fooled by complications. 
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In summary the heating term in equation (1e) is parameterized as: 

where H[x] is modified Heaviside step function: H = x , if x > OJ H = 0 otherwise. 

T, {3, VB are model determined and such a parameterization makes the whole set of 

equations nonlinear. 

2.3 Ocean Model 

An extremely simple mixed layer ocean model is used to simulate anomalous ocean 

temperature: 

(6a) 

(6b) 

(6c) 

SSTa = Kh (6d) 

where h, u, v are the anomalous thermocline depth and ocean current, D the av-

erage thermocline depth, p and pw are the densities of surface air and of water, 

a o is Rayleigh damping and the Newtonian cooling coefficient, c is Kelvin wave 

speed, SSTa is sea surface temperature anomaly, and K converts thermocline depth 

to surface temperature and is basically a coupling constant between atmosphere 

and ocean. Eq. (6d) is a diagnostic relation so thermocline height h can be re

lated to SSTa which in turn feeds into the atmosphere. The surface wind stress r"', 

r Y are surface wind stress evaluated from Eq. (2) of the atmosphere model. Fol

lowing Philander (1990) and Hirst (1986) reasonable values of the parameters are: 



g'=0.02 ms-2 j D=100mj c=1.4ms-1 j a o=10-1 s-\ 

K=0.03°Cm-\ p=1.2 kgm-3 j pw=103kgm-3
• 

These values are also listed in table 2.2. 
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Such a steady state ocean requires a non-zero Newtonian cooling coefficient for 

non-trivial solutions to exist. The time dependent version of the above equation has 

been used extensively in modeling ENSO (e.g., Hirst, 1986j Wang and Weisberg, 

1994). The steady state solution is not a very good approximation to reality (Phi

lander, 1990). Nevertheless, in our simulation (not shown) the model does appear 

to be able to simulate eastern and equatorial upwelling both in Atlantic and Pacific 

reasonably well, driven by observed wind or by its anomaly, albeit the strength and 

details of the pattern are questionable. The anomaly ocean model is going to be 

used only to estimate the influence of the Amazon deforestation experiment. 

2.4 Input data and Numerical Method 

The January Sea Sudace Temperature climatology of the Climate Analysis Center 

(Reynolds, 1988) is used as our surface equilibrium temperature T6* over ocean. 

Over land, incoming solar radiation at the top of atmosphere is calculated using the 

theoretical astronomical formula of Sellers (1965, Eq. 3.7) in which solar declination 

angle is the only parameter to vary with day of year. ERBE (Earth Radiation 

Budget Experiment, Ramanathan ct al., 1989) satellite observed clear sky. albedo is 

used as the albedo A. Since the scaling constant E in Eq. (3d) is somewhat tunable, 

whether this albedo represents the real planetary albedo is not important. Equation 

(3c) is then used to calculate absorbed solar radiation by land surface F which is 

a function of latitude (but not longitude, because the model has no diurnal cycle). 

The equilibrium surface temperatures calculated by (3d) are smoothed somewhat 
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Table 2.2: Ocean Parameters 

Parameter Symbol value 
Reduced Gravity g' 0.02 ms 2 

Mean Thermocline Depth D 100 m 
Kelvin Wave Velocity c 1.4 ms-1 

Rayleigh and Newtonian coef. a o 1O-7s-1 

Coupling Constant K 0.03°Cm-1 
Density of Surface Air P 1.2 kgm-3 

Density of Water pw 103 kgm-3 
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so they merge with ocean temperatures smoothly. T*{z) is obtained from Eq. (3b) 

and then serves as the driving force for the model according to Eq. (3a). 

Equations (la)-{le) in combination with equation (5) are then finite differenced 

on a staggered Arakawa-C grid in the horizontal direction while the vertical scheme 

is shown in figure 2.1. The resulting linear equations are solved by sparse matrix 

technique. Basically the corresponding matrix is first L U decomposed into two 

triangular matrices. With forcing terms including convective heating as the right 

hand side (forcing is applied only within ±300), the matrix is then solved by an 

iteration method. Since LU decomposition is done once and for all, the back sub

stitution needed for each iteration is highly efficient. The model was run on an 

IBM RISC/590. Without eliminating variables for original five equations the LU 

decomposition process took a few hours while each iteration needed less than one 

second CPU time. The iteration procedure converges quickly (Fig. B.l). The ocean 

model is solved in a similar fashion. More details of the mathematical techniques 

are found in Appendix B. 
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Chapter 3 

MODELED CLIMATOLOGY AND ENSO ANOMALY 

3.1 January Climatology 

Simple models were found to be sensitive to a number of parameters and therefore 

leave much room for tuning. Much effort has been made in t.he present model to 

base the parameterization on sound physics, and constrain the parameter range to 

be physically acceptable. Input data are very few. The model internally determines 

convergence and associated latent heating, and it automatically responds to land 

surface perturbation such as albedo change. Such a self-consistent model is essential 

to study climate change such as that due to deforestation. Table 3.1 summarizes 

some of the important parameterizations. 

The model January climatology is shown in Figure 3.1 while that observed is 

shown in Figure 3.2. Solar declination angle is set at 100 S, which actually corre

sponds to February, in considering thermal inertia of the climate system (the model 

is a steady state model) and this mimics the general 1-2 month maximum atmo

spheric response lag to solar radiation. 

Overall the wind and its convergence field look quite realistic. The trade winds 

have the proper magnitude and direction. The South Pacific Convergence Zone 

(SPCZ) and the Pacific Intertropical Convergence Zone (ITCZ) have the proper 
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Table 3.1: Important Parameterizations of the Atmospheric Model. 

Surface Drag CD = 2CDN CDN from BATS/CCM1j 
Doubled for instability 

Longwave Radiation QR = Cp(T· - T)/TR T R = 26days, landj 
TR = 2days, ocean 

Equilibrium Temp. T·(z) Solar insolation corrected by 
albedo + Stephan-Boltzman 
law to give T

6
·j 

Dry adiabatic lapse rate 
Convective Heating Qc = .,,(z)P CISKj Water budget 
Evaporation E Bulk transfer formulaj 

Precipitation dependent 
wetness over land 

Moisture Conv. -V'. (qVB ) Boundary layer only 
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Figure 3.1: Model January climatology. 
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Figure 3.2: Observed January climatology. From ECMWF analysis except precipi-
tation from Legates and Wilmott (1990). 
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strength and spatial extension. Model winds turn to westerly off the west coasts 

of Panama and Central Africa and over Indian Ocean. Southern Amazon develops 

its winter maximum convergence. The convergence over Africa and the west Pacific 

warm pool are well produced. A relatively unrealistic feature is: off the Central 

American coasts the convergence is somewhat too strong as a result of the local 

SST maxima because model convergence is directly linked to surface temperature 

through Eq.{le). This is a fundamental deficiency of this kind of treatment of ther

modynamics in which heating is instantaneously and solely balanced by adiabatic 

cooling of upward motion. 

The boundary layer moisture convergence pattern is similar to wind convergence 

because the moisture field is much smoother than wind. Small differences do show up 

due to advection of moisture. For evaporation there is a lack of good observations for 

comparison. The modeled evaporation appears to be reasonable. Trade wind regions 

have large evaporation due to consistently strong winds there. The large evaporation 

over the Amazon and central Africa is linked to the large drag of the forest, and 

is perhaps somewhat too large. The precipitation compares quite favorably with 

observation. The west Pacific warming pool and extended SPCZ rains at the right 

amount. The southern Amazon develops a winter maximum while the northern 

Amazon is in its dry season. This is the direct result of solar insolation, and the 

southern maximum is also partly due to the large evaporation there. The model 

produces a local maxima at the mouth of the Amazon river. Again the problem of 

convergence is also reflected in precipitation, namely, too much rain around Central 

America. 

The geopotential height pattern appears to be in good agreement with obser

vation. An equatorial trough runs across whole globe, with a low in northeastern 
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Australia and local minima to the south of Amazon and southern Africa. Amaz

ingly, subtropical highs are well reproduced in the southern hemisphere which is at 

its summer. Accordingly, midlatitude westerly winds are produced! This is probably 

the right answer for the wrong reasons: no forcing is applied outside 30° latitude and 

the model domain boundary is not too far away. The winter hemisphere subtropical 

highs are less well defined. 

In light of the good simulation of geopotential height, the temperature field is 

not as promising. Nontheless, the overall pattern is still in reasonable range. Due to 

the large Newtonian coefficient used, the temperature over the ocean is not far from 

equilibrium temperature. We noticed that the model appears to have a tendency to 

produce two local temperature maxima astride a major convergence zone. Such local 

warm cores are prominent over land in the observations (better seen in Newell et 

al. 1972) and they cannot be always easily explained by surface warming associated 

above deserts. Interestingly, a zonally symmetric version of the present model shows 

these local maxima sitting between tropical rising regions and subtropical sinking 

regions, and is closely linked to the vertical latent heating profile used. This finding 

deserves further study. 

What is perhaps the most unrealistic and worrisome feature in the model bound

ary layer is the overly strong westerly winds west of the major convergence zones: 

the Amazon, central Africa and the Pacific warm pool. Such strong westerlies are 

typical of the Gill model as a manifestation of equatorial Rossby waves whose wave 

speed is one third of that of Kelvin wave. Thus westerlies are too strong especially 

over central Africa where observation shows only a hint of westerly. We suspect 

ignorance of nonlinear advection plays a role. Although Wang and Li (1993) and 

Zebiak (1990) found the advection of momentum is negligible over Pacific, it is 
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possible that this is not the case in some other regions. Other candidates are the 

diurnal cycle and synoptic transients. This effect is alleviated over the Amazon due 

to the blocking of the Andes mountain. In fact the northwesterly wind there is 

similar to the well known jet emanating from the Amazon basin flowing southward, 

though the model westerly wind has too wide a spatial extension. Similar results are 

obtained by Gandu and Geisler (1991) and Kleeman (1989) in simulating Amazon 

low level flow response to prescribed heating. 

The model 650mb winds (Fig. 3.1k) are similar to observation (not shown) 

but the strong westerly problem is even worse than in the boundary layer so that 

the equatorial Atlantic trade winds almost completely vanish. Upper level winds 

(250mb) bear good resemblance to observed 300mb winds within ± 20°, albeit some 

details are not in agreement. The strong winter hemisphere westerly jet has a much 

weaker counterpart in the model. But the region is outside the tropics and the 

model is not expected to do well there. 

Observations over the east Atlantic and West Pacific convective regions (e.g., 

Cotton and Anthes, 1989, Chapter 6) have constantly demonstrated that infrared 

heating is negative throughout a vertical column while convective latent heating 

dominates over IR cooling. Model results (Fig. 3.1m,n) show the same trend. In 

convective regions IR heating is generally quite small and negative. The large IR 

cooling iu non-precipitating regions is balanced by adiabatic warming (sometimes 

called apparent heating source) of descending air. The latent heating pattern follows 

precipitation with 500mb heating much stronger than at lower levels (not shown), a 

direct result of the vertical profile of latent heating. The magnitudes of latent heating 

are in a reasonable range and are generally smaller over land than over the ocean due 

to the large difference in Newtonian cooling time Tn. In a sensitivity study where 
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the vertical heating profile is set flat (latent heating distributed uniformly in the 

vertical), IR heating in the convective region is found to be positive - an unrealistic 

feature. This interesting result again demonstrates the importance of the vertical 

heating profile. 

3.2 July Climatology 

The model is applied to simulate July climatology. In this case the solar inclination 

angle is placed at lOoN while the Climate Analysis Center July SST climatology 

(Reynolds, 1988) is used at the ocean boundary. All the other parameters are set the 

same as for January. Model results are shown in Figure 3.3. The model reproduces 

the winter hemisphere trade winds and subtropical highs. The Asian monsoon is 

very strong. Most of the agreement and disagreement with observations are similar 

to the January situation. The westerly problem appears to be worse, however. As 

a result the Asian monsoon is too strong, and the North American-Atlantic region 

develops a monsoon like climate but the location and wide extension excludes the 

possibility of it being the Southwest Monsoon (or Mexican Monsoon, Douglas et 

al., 1993) which is a relatively small feature. This strong 'monsoon' attracts much 

moisture, leaving the Amazon too dry. The model produces reasonably well large 

scale precipitation patterns but too much rainfall in the 'monsoon' regions. 

3.3 Simulation of ENSO 

The model is tuned to simulate tropical climatology. An important test of the 

model would be to see how it works for anomalous boundary conditions such as 

those related to EI Nino/Southern Oscillation. In one model run observed SST for 

January 1983 is used in place of climatological SST to drive the model. The model 
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results are shown in Figure 3.5. 

The model develops strong anomalous westerlies in the central to eastern Pacific 

and easterly toward the western Pacific warming pool. An easterly anomaly is also 

seen north of equator and east of the main convergence anomaly center (around 

1200 W). These are similar to what was observed (Fig. 3.6). However, the model 

convergence center is located about 20° east of its observational counterpart. The 

easterly anomaly north of the equator in the eastern Pacific appears to extend some

what too wide. The simulated convergence anomaly occupies most of the equatorial 

Pacific but the center is too far to the east compared to the observed Outgoing 

Longwave Radiation (OLR) pattern. The model is able to simulate a feature in 

the south Atlantic where a moderate SST anomaly is observed. The model fails to 

reproduce the prominent easterly wind anomaly over Sahara which is likely related 

to midlatitude dynamics. 

Generally the present model appears to better simulate winds and their con

vergence associated with ENSO than anomaly models (e.g., Zebiak 1986). This is 

expected mostly because of the nonlinear nature of air-sea interaction (Seager 1991; 

Zebiak 1986). It is not the anomaly but the total SST that determines the con

vergence and precipitation pattern. The atmosphere 'feels' more of the effect of an 

anomaly of a warm region than that of a cold area. This model also appears to in 

general do better than simpler climatology models (e.g., Li and Wang 1994). 

3.4 Discussion 

The impetus of this work arises from our attempt to understand the consequences 

of Amazon deforestation. A reasonably good climatology has to be simulated before 

credible conclusions can be drawn from such an anomaly study. The model has to 



42 

21 

o 

-21 

-42 

42 

21 

0 

-21 

-42 

42 

21 

0 

-21 

-42 

42 

21 

o 

-21 

-42 

a ENSO anomaly 8301 surface wind mls 

b w Vertical velocity at 800mb mmls 

J T* at 900mb Kelvin 

Wind 250mb mls 

.71~I!i+Ol -Wulmum Vector 

-180 -120 -60 o 60 
.lUO~+U~ -YulmlIl!lO'color 

Figure 3.5: El Nino anomaly of January 1983 simulated by the model. 

67 

180 



a 
42 

21 

o 

-21 

-42 

b 
42 

21 

o 

-21 

-42 

-lBO 

Observed ENSO wind anomaly 8301 m/s 

OLR anomaly 8301 W/m'J 

-120 -60 o 60 

ECMWF 

+ -YaJdmum Vector 

120 

Figure 3.6: Observed El Nino anomaly of January 1983. 

68 

lBO 



69 

be self-consistent enough that it internally responds to land surface change. Un

like much previous work where the Gill model is used, the present model contains 

essentially simplified primitive equations and predicts all the major meteorological 

variables with few boundary conditions. In this sense the model is more like a GCM 

than the Gill model. 

A vertical structure is naturally included in the model, albeit the resolution is 

not high. Unlike the Gill model which represents only the baroclinic mode in a 

two layer interpretation, the present model also contains the barotropic mode of 

motion. This vertical structure simulates complete 3D atmospheric motions, and 

very importantly, it allows the specification of a vertical profile of convective latent 

heating which has allowed a number of improvements to the model. 

A GCM like surface drag parameterization simulates a large damping necessary 

for obtaining realistic wind direction. Such a large damping has been hard to justify 

in the Gill model (Neelin 1988) so that Li and Wang (1994) used diagnostic methods 

to obtain it. 

In the parameterization of longwave radiation, a short (2 day) Newtonian cooling 

time is used over the ocean while it is 26 days over land. A short time scale over the 

ocean is hard to justify in terms of pure radiation consideration. However, the large 

heat capacity of the ocean keeps a 'stagnant' SST. Through complex processes such 

as turbulent mixing and convection-radiation interaction, the SST plays a controlling 

role. A short relaxation time has to be used if Newtonian cooling parameterization 

is the choice. Model results indicate this is crucial in avoiding an overly wide ITCZ 

and the drifting of model simulated lower atmosphere temperatures away from SST. 

Over land solar insolation combined with albedo is physically based and appears to 

do well. The inclusion of albedo not only enables us to avoid too much convergence 
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over the desert, but also paves the way for Amazon deforestation study. 

Great effort has been made to model the hydrological cycle in such a simple 

model. Evaporation is parameterized by bulk transfer formula. The surface wetness 

is proportional to precipitation. Both evaporation and moisture convergence are 

internally determined by the model. A CISK type parameterization is used for con

vective precipitation, assuming a convectively unstable tropical atmosphere. Such 

convective instability of the tropical atmosphere has been questioned (e.g., Xu and 

Emanuel 1993), but for a climatology simulation CISK parameterization appears to 

be reasonable. 

Overall the model simulates tropical climatology quite successfully. Not only 

the wind fields and convergence, but also precipitation and evaporation are in good 

agreement with observation. Fields which are generally not predicted by a simple 

model, such as temperature, wetness and upper level wind fields bear at least a gross 

resemblance to observation. 

Despite the successes, a number of weaknesses exist: The strong westerlies over 

major land masses in summer hemisphere appear to be a serious problem and may 

have to do with the neglect of nonlinear advection. The treatment of thermody

namics is unsatisfactory. Although the convective heating is generally much larger 

than IR heating, it acts primarily as a response to initial IR heating, resulting in 

a high sensitivity to SST over ocean and to solar insolation over land. Fu et at. 

(1994) showed that in a region between the Pacific ITCZ and SPCZ the convec

tion is largely suppressed due to large scale atmospheric sinking motion aloft, even 

though SST is high in this region. Vice versa, it is very possible that there exist re

gions with relatively low SST but strong convection (we suspect the region in Pacific 

ITCZ around 1200 W to be such a place). Over land it is known that factors such 
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as topography and diurnal cycle play an important role in producing precipitation. 

This model deficiency originates from the fact that adiabatic cooling accompanying 

large scale uplifting (therefore convergence) is forced to immediately balance dia

batic heating (Eq. Ie). In terms of model formulation, an important parameter N 

- the atmosphere buoyancy, is empirically derived from global average lapse rate. 

It is not totally clear what value this stability parameter has in moist convective re

gions, and we see little justification for its use in the subtropical descending regions. 

Presumably the thermodynamic equation represents an interaction among the large 

scale dynamics, radiation and convection. This interaction is not well understood 

presently and is not well parameterized in GeMs. It requires a breakthrough in 

order to improve model thermodynamics in simple modeling. The inclusion of ver

tical structure takes one step in such an improvement. We also anticipate a time 

dependent version of the present model would be necessary to allow a more realistic 

moisture budget and convective precipitation. This version would help correct the 

problem currently encountered: precipitation occurs whenever there is convergence. 



Chapter 4 

THE CLIMATIC IMPACT OF AMAZON DEFORESTATION

MECHANISM REVEALED BY THE MODEL 

4.1 The Model and Simulated Climatology (control) 
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In the previous chapter we discussed model-simulated January climatology. Overall 

the tropical climatology is reasonably well simulated. Over the Amazon both con

vergence and precipitation are well captured. In January the Southern Amazon is 

in its wet season while northern Amazon is in its dry season. The model is able to 

produce small features like a maximum along the coast line around the river mouth. 

While the wind field appears to be quite reasonable over the ocean it is less realistic 

over the Amazon. The prominent southward jet out of the Amazon is present but the 

northwesterly is apparently too wide. In reality the easterly trade winds penetrate 

deep into the interior of the Amazon before turning southward. The appearance of 

the overly strong westerlies is probably related to the ignorance of nonlinear advec

tion which brings easterly trade winds from the Atlantic into the Amazon. As a first 

attempt to simulate tropical land climatology via a simple model, we will simulate 

deforestation while being cautious not to expect close correspondence with reality. 

The model Amazon and Andes are shown in Fig. 2.2. In the following discussion, 

averages of various fields refer to the area average over the model Amazon. 
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The January climatology shown in Chapter 3 is referred to as the control run. In 

this control run average precipitation over the region is 8.9mm/day while evapora

tion is 4.9mm/day which contributes 55% to the total precipitation (thereafter any 

percentage is referred to the control precipitation which is 100% unless otherwise 

specified). The other 45% comes from moisture convergence. These are in good 

agreement with observation (Salati, 1987). Many GCM simulations have a slightly 

larger percentage of evaporation (Figure 5.2). 

GCM simulations and theoretical consideration have so far pointed to three 

factors with major influence on regional climate, namely, albedo, evaporation and 

surface roughness. Among the three, albedo and roughness are boundary conditions 

and can be changed in a straightforward way in the model. On the other hand, 

evaporation depends delicately on many processes and is much trickier to deal with. 

In this chapter the three factors are studied in the context of the present model. 

4.2 Albedo increase (AS, AS_fixEq) 

In experiment A5, the Amazon region albedo A is increased by 0.05 (this corre

sponds to about -3°e in T*j note the initial albedo is not necessarily the same 

everywhere and a change of 0.05 in albedo is at the lower side of various GCM 

experiments) without any other change to the model. Fig. 4.1 shows the difference 

fields (deforestation-control). Apparently a sinking motion anomaly has developed 

over deforested area accompanied by an increased low level pressure and westerly 

outgoing flow anomaly emanating from Amazon to Atlantic. Interestingly the Andes 

does not completely block the interaction between the Amazon and eastern Pacific, 

though the barrier extends up to the top of boundary layer. Both pressure and ver

tical velocity anomalies cover the whole Amazon and extend slightly outward onto 
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the surrounding ocean as a result of smoothing and large scale response. Surface 

geopotential height has decreased by as much as 10 meters (about 1mb in surface 

pressure). Such a decrease in surface pressure gradient along the equator from the 

Amazon to the Atlantic largely counterbalances the original pressure gradient and 

results in the near vanish of the zonal pressure gradient force and zonal wind along 

the equator (not shown). The overall anomaly pattern is very similar to the typical 

Gill model response to an off-equator heat source (Gill 1980), except that the sign is 

reversed. The wind anomaly corresponds to a weakened Hadley/Walker circulation, 

in accordance with our speculation in the Introduction. Temperature decreases by 

about 1 DC which is smaller than the decrease in T* (due to albedo increase, Eq.3), 

resulting in a decrease in boundary layer IR heating. 

Precipitation over Amazon is reduced by 56% of which evaporation contributes 

26% while moisture convergence contributes 30% (Table 4.1). The spatial pattern 

indicates that northern Amazon in its dry season suffers most from deforestation. 

It is interesting to note that while decreases in evaporation are relatively localized 

the convergence anomaly is more homogeneous and spatially spreads out because 

the model's large scale dynamical response is determined by not only the scale of 

heating but also equatorial wave dynamics. 

Accompanying the drying over Amazon, the surrounding areas, except to the 

south, generally has an increase in precipitation, evaporation and moisture conver

gence. The mechanism is straightforward in the present model: A cold anomaly in 

the deforested region induces anomalous sinking air which is compensated for by 

rising air in surrounding area. Such reasoning has been invoked to explain GeM 

results; however, it is probably more appropriate, because of nonlinearity, to think of 

this situation in terms of the total field instead of the anomaly. For instance, South-
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eastern Brazil receives substantial amounts of solar radiation but less than Amazon 

region so it cannot compete with it in inducing convergence. After deforestation it 

receives relatively more solar energy (higher T*) and becomes a center of conver-

gence. This type of anomaly versus total field interpretation has been encountered 

in ENSO observations and simulations (Zebiak, 1986). A decrease in precipitation 

to the south of the Amazon can be attributed to the weakening of the jet which 

brings in less moisture after deforestation. 

The moisture budget averaged over the model Amazon is listed in Table 4.1. For 

better insight, the change of precipitation can be broken down into contributions 

from various branches (one of the strengths of a simple model), namely, evaporation 

and moisture convergence. The former includes contributions from wetness and the 

saturation specific humidity slope and the latter includes the contributions from spe-

cific humidity and wind convergence. The individual contributions are calculated by 

holding the other term in multiplication as in the control run (e.g., when computing 

the contribution to moisture convergence of wind VB only, humidity q of the control 

run instead of that of deforestation is used). Since the changes are relatively small 

the nonlinear interaction of two factors is expected to be small and is computed as 

a residuaP. Then the changes of various parts of the Amazon water budget due to 

deforestation are (mmJday, also listed in Table 4.1): 

Precipitation( -5.0) 
{ 

(3( -1.9) 
Evaporation( -2.3) qu - q( -0.7) 

nonlinear( +0.3) 

{

V (-2.5) 
Convergence( -2. 7) q(-0.5) 

nonlinear( +0.3) 

lConsider a,,6 « I, then (I-a)(I-.B) = 1-a -,6+a,6 Rj I-a -,6, where a,6 is a second order 
quantity. The result here is slightly more complicated due to the gradient operator and spatial 
averaging. See Stein and Alpert (1993) for better discussion. 



Table 4.1: Modeled January Amazon Water Budget 

control 
deforestation - control 

AS ASJixEq 
Precipitation 8.9 100% -S.O -66% -1.1 -1~% 
Evaporation 4.9 66% -2.3 -~6% 0 

wetness change only -1.9 -~1% 
humidity change only -0.7 -9% 
nonlinear term +0.3 +4% 

Moisture Convergence 4.046% -2.7 -30% -1.1 -1~% 
wind change only -2.S -~8% 
humidity change only -O.S -6% 
nonlinear term +0.3 +3% 

Wetness 0.88 -0.36 -0.01 

Unit: mm/dayexcept wetness which is dimensionless. 
Deforestation Experiments: 
AS - Albedo increased by O.OS; 

WET70 
-3.1 -35% 
-2.0 -~~% 

-1.1 -13% 

-0.36 
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ROUGH2 
-0.1 -1% 
0.0 

-0.1 -1% 

-0.01 

AS..fixEq - Albedo increased by O.OS, evaporation and humidity are held as in 
control; 
WET70 - Wetness 70% of computed value; 
ROUGH2 - Surface roughness is that of grass, pure dynamic effect. 
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Since qu - q is function of T* thus a function of solar radiation S only, one can 

interpret that less evaporation( -0. 7mm/ day) is partly a direct result of less available 

solar energy at higher albedo. However, this effect is small comparing to that due to 

a drier surface( -1.9mm/ day). As indicated by Eq. (4b) wetness decreases linearly 

with precipitation below 7 mm/day. The drying as a result of less precipitation is 

the major factor especially in the already 'dry' region. For moisture convergence, 

the contribution from lower humidity q as direct result of smaller T* is almost 

negligible( -.5mm/day). The change in large scale circulation, namely, the changing 

wind convergence, plays a key role( -2.5mm/day). 

To summarize, reduction in albedo over the Amazon reduces heating in the at

mosphere above and results in a weakened Walker/Hadley circulation with less con

vective precipitation. The resultant drying in turn gives out less evaporation, thus 

further reducing precipitation and convergence. This positive feedback loop finally 

results in a much weakened Atlantic Walker/Hadley circulation and a substantially 

weakened hydrological cycle. 

To further demonstrate the importance of the positive feedback loop, in exper

iment A5JixEq evaporation and humidity are held everywhere the same as in A5, 

therefore, reduction of absorbed solar energy affects only T* and the wind. The 

precipitation is then only reduced by 12%, much less than 56% in A5. This differ

ence is solely due to changes in moisture convergence which is only about half of 

the moisture convergence in the case A5. 

4.3 Evaporation Change Only (WET70) 

Dirmeyer (1992) found in a GeM study that albedo change is the sole factor respon

sible for reduced precipitation. Since a deforested surface cannot supply as much 
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moisture as result of there being smaller soil water holding capacity and smaller 

canopy and air conductance etc., this result seems surprising. In this experiment 

we lump all the possible changes into a lower wetness by artificially reducing the 

wetness factor {3 by 30% after the computation of Eq. (4b), while keeping it to be 

the same function of precipitation. Nothing else is changed. We note that unlike the 

albedo change case, we are not dealing with a climate-ecology equilibrium here. The 

anomalous spatial pattern is largely similar to A5. The average model precipitation 

is reduced by 35% with 22% from evaporation decrease and 13% from decrease in 

moisture convergence. However, our simple model does not have the diurnal cycle 

thought to be responsible for the GCM result. 

4.4 Effects of Surface Roughness (ROUGH1, ROUGH2) 

One consequence of smaller roughness is less evaporation and thus a warmer surface. 

The model's surface energy is not in complete balance and less evaporation does not 

lead to a warmer surface. In experiment ROUGH1 the roughness length over the 

deforestation area is reduced to that of grass. This corresponds to about twice as 

small a drag coefficient CD. This result is different from Sud et al. (1994) where 

CD has a 4 times decrease due to the different parameterization used (see Chapter 

2). Since it is proportional to CD, the evaporation after deforestation is only about 

half of that in the control case. As the feedback loop works, the precipitation is re

duced by 51 % (not shown in Table 4.1). Considering that model parameterization of 

evaporation ignores complex processes of evapotranspiration through soil and vege

tation, and the availability of solar energy and moisture, this number appears to be 

too big. However, it points to the fact that smaller roughness reduces the efficiency 

of moisture being transported from soil and vegetation into the atmosphere. This 
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effect may be more appropriately categorized as evaporation change. 

By using the same drag as in the control for the parameterization of evaporation, 

the pure dynamical effect of roughness change is studied (ROUGH2). The difference 

fields in Figure 4.2 show a peculiar vortex like wind anomaly centered on the equator 

with convergence anomaly negligible (also Table 4.1). This pattern is intriguing and 

hard to explain. In general the wind becomes stronger in deforested area, similar 

to what was found by Sud et al. (1994). We can understand the model behavior in 

terms of Ekman pumping. Using Eqs. (la,lb,2a,2b) and ignoring Rayleigh damping, 

we have for boundary layer: 

\l X (CDv) = aWl 

where WI is the vertical velocity at the top of the boundary layer (800mb) and a 

absorbs other coefficients. Provided WI not change with a 2-fold decrease in CD, 

one way to satisfy the Ekman relation is to have a 2-fold increase in wind velocity 

so the term in bracket of the above equation has the same values. This appears to 

be largely what the model does. The negligibly small change in WI is probably an 

artifact resulting from the model's overly simplified treatment to the thermodynamic 

equation, in which the convergence is highly sensitive to thermodynamic factors 

but probably too insensitive to dynamical change. In a more realistic model such a 

significa.nt change in wind field would likely result in change in moisture convergence. 

Further study and understanding on this should help understand the findings of Sud 

et al. (1994). 

One may ask what the effects due to the nonlinearity are if, say, the roughness 

change is combined together with an albedo increase. As discussed in Footnote 1, 

the resulting nonlinear effects are small (in some cases they may not be negligible if 

one wants an accurate account of the matter) and therefore one can, to first order 



42 

21 

o 

-21 

-42 

42 

21 

o 

-21 

-42 

ROUGH2 - Control 

a Boundary layer wind mls 

b w at 800mb mmla 

. \:.:::::t:: .... :~: ... ::l··\i!:~ 

. :: . ..':-... :.~. '" 
-:: .... , 

·f:.· . '.~ 
..... ~ .. " ... : 

. ; 
:\, 

.831E+00 -Waldmum Vectcr 

.......... 

CONTOUR FROM -.1 TO .2 BY .1 
-120 -90 -60 -30 0 30 

83 

Figure 4.2: Dynamical effect of reduced roughness length over Amazon in January. 
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approximation, simply superimpose the effects of different factors. Our combined 

simulations (results not shown) proved the validity of this approach. 

4.5 The Annual Cycle 

It is straightforward fo simulate the annual variation of climate in the model. Again 

CAC climatological SSTs for each of the 12 months are used. The solar declination 

angle varies between 15°N and 15°S (so one can not compare the result exactly with 

the results from previous sections, the purpose here is only to illustrate the trend of 

an annual cycle). 

Fig. 4.3 shows the model simulated precipitation, evaporation and moisture con

vergence averaged over the Amazon. The overall trend is largely similar to the 

observation and GCM results (e.g., see, Fig.2 of Dickinson and Kennedy, 1992). 

Maxima in the three fields during spring and fall basically reflect the solar heating 

maximum around the equator at the time of the year. The non-zero evaporation 

in southern winter is due to the imposed lower limit in surface wetness (Eq.4b). In 

general the modeled annual cycle for both control and deforestation has a larger 

amplitude than its GCM counterpart, reflecting the model's overly high sensitivity 

to solar heating. 

4.6 Impact of Deforestation on Ocean 

In the Introduction, we have speculated that a weakened Walker circulation and 

trade wind would cause a decreased SST gradient over the Atlantic, and that this 

in turn might feed back into the loop positively. We therefore employed the simple 

mixed layer ocean model (bounded by realistic continents) to study the feedback. 
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Figure 4.3: Modeled annual cycle of Amazon hydrology. Solid line: control; dashed 
line:deforestation. Unit: mm/day. The model solar declination angle is set to vary 
between 15°N and 15°S. 
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In the coupled run, the control model climatological surface wind is set to corre

spond to observed SST over ocean and T: over land. The deforestation (AS) total 

wind is used then to calculate the SST anomaly using the ocean model, and this 

SST anomaly is then added to the SST climatology which in turn is used in the 

atmospheric model to produce a new surface total wind. This procedure is executed 

only a few times before the coupled model converges to an equilibrium state. 

Figure 4.4 shows that the Atlantic SST does change as expected, with about 

1 DC anomalous gradient across the basin. The magnitude, of course, depends on the 

coupling strength. Interestingly, the eastern Pacific SST gradient has strengthened 

somewhat, driven by outgoing flow from Amazon despite the blocking of the Andes. 

However, the influence hardly goes beyond central Pacific. It turns out that the 

small change in SST has only a negligible effect on the atmosphere, as expected 

because that is a higher order effect compared to the deforestation change. 



87 

Figure 4.4: SST anomaly in response to Amazon deforestation (A5). Unit: °C. 



Chapter 5 

CONTINUOUS DEFORESTATION AND ANALYSIS OF 

THERMODYNAMIC EQUATION 
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It is interesting to ask what would happen if the deforestation goes further? A more 

specific and yet dramatic hypothetical question is: what if the tropical rain forest 

is replaced by desert? Though such question is perhaps only of theoretical interest 

it is helpful in understanding the tropical circulation system and climatology. 

In one set of model runs similar to A5, the albedo is increased over Amazon 

III January continuously from no change to a 0.10 increase. Figure 5.la shows 

the modeled precipitation, evaporation and moisture convergence as a function of 

albedo change. The moisture convergence drops approximately linearly down to zero 

at boA = 0.085. Evaporation drops somewhat slower. At zero moisture convergence 

the precipitation has not vanished because of the contribution from evaporation. The 

area averaging has some effect on the curve. As albedo increases further, convergence 

becomes negative while precipitation approaches zero and evaporation approaches a 

value limited by the model imposed lower limit of wetness 0.2. When precipitation 

and convergence are plotted against evaporation in Figure 5.lb the relations are 

very much linear except in the beginning they decreases at a faster pace. 

In another set of runs, similar to WET70, the wetness is continuously decreased 
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from its control value to zero. Figure 5.2 shows precipitation and convergence de

crease almost linearly from control values to about lmm/ day as evaporation reaches 

zero. 

These results indicate that if albedo increases to some sufficiently high value and 

evaporation is reduced accordingly, the model tropical Amazon would be able to 

sustain a sinking motion and maintain the desert-like climate! On the other hand, if 

only evaporation is reduced as a result of the surface condition change while albedo 

is fixed, the region is able to keep a relatively small convergence and precipitation. 

However, it is not clear how realistic this model response is and we will discuss this 

further in Chapter 6 . 

The approximately linear relations in Figs. 5.lb and 5.2 seem to indicate there 

exists a simpler relationship among the three terms than indicated by the relatively 

complex dynamic equations and physical parameterizations. In fact we find the 

thermodynamic equation is the the controlling agent. For the Amazon, where air 

undergoes rising motion, thermodynamic equation (le) and Equation (5) for model 

boundary layer can be combined as (the variables are loosely treated as area aver

ages): 

iii = ('1'. - '1') + E + C 

where the variables are dimensionalized to be mm/ day so we can drop all the coef

ficients which are not important here. Since change in specific humidity q is quite 

small, moisture convergence Cis: 

C ~ (jiii 

where iii is the vertical velocity at top of the boundary layer. Eliminating iii, it's 
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where P is precipitation and E is evaporation. And 

ij = q/qo 
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(7a) 

(7b) 

where qo is the humidity at which latent heating of convergent moisture exactly 

balances adiabatic cooling and the model is unstable against convective heating( d. 

Gill 1982) and is about 44 g/kg in the current model (This is somewhat larger 

than the Gill model because the vertical profile of latent heating puts less heat in 

the boundary layer. Also our model blows up before humidity reachs this critical 

value because of extra latent heating from evaporation). Co = ~(T· - T) is the 

moisture convergence with vanishing evaporation. Co is about 1mm/day (Fig. 5.2) 

when albedo is fixed. 

The linear relation in Equation (7) is obvious. When E decreases from control 

value to zero, C, P decreases linearly to Co = 1mm/day. Strictly speaking temper-

ature T increases slightly as a model response so that Co is not constant. This and 

spatial averaging are likely to be responsible for the slight nonlinearity in Fig.5.2. In 

the case of albedo change, Co changes more, but is still smaller than other terms. At 

high albedo when sinking motion develops, Co (which is proportional to IR heating) 

has become negative. 

Using Equation (7), given Co, one can reproduce much of the numerical results 

in Figure 5.1b and Figure 5.2. For instance, for control run, Co = 1mm/day, E = 



4.9mm/day, q = 16g/kg, then 

ij = 16/44 = 0.36, 

and using Equation(6a) moisture convergence 

C = 1mm/ day + 1 ~·~~36 X 4.9mm/ day = 3.8mm/ day 

which is quite close to the numerical value 4.0 mm/day (table 4.1). 
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Such relationships are so simple and straightforward. If they resemble the real 

world, this would greatly facilitate our understanding of the consequence of defor

estation. The over simplification of the thermodynamic equation was discussed in 

Chapter 3 and will be further discussed in Chapter 6. 

Also plotted in Figure 5.2 are Amazon deforestation results from some major 

GCM simulations. The control runs have large variations so the precipitation and 

evaporation are scaled so that the control precipitations are all as same as that of 

the preseIJ.t model. With such scaling, interestingly, three of the four GCM results 

are in good agreement. Otherwise the differences between their control runs are 

generally larger than the differences between control and deforestation runs. 
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Chapter 6 

SUMMARY AND PERSPECTIVE 

The climatic impact of Amazon deforestation has been explored in the context of 

an intermediate level model of the tropical climatology including atmosphere-land

ocean interaction. One important finding of the model is the high sensitivity of 

tropical climate system to land surface disturbance. This sensitivity results from 

the existence of a positive feedback loop in the South America-Atlantic atmospheric 

circulation system and hydrological cycle. 

The high sensitivity of this loop is rooted in the fact that convective latent 

heating is the major driving force of the Walker/Hadley circulation which in turn 

brings in the moisture needed for moist convection. The continent-ocean contrast is 

thought to be the ultimate cause of equatorial asymmetry (e.g., Stone and Chervin, 

1984). The land surface disturbance of Amazon deforestation essentially reduces 

the 'continentality' of the Amazon basin. This process is much like a warm episode 

of ENSO in the sense that a weaker Walker circulation accompanies a reduction in 

convective precipitation in the original rising branch. A similarly strong feedback 

exists except that the deforestation is a relatively permanent change in boundary 

conditions while an El Nino event has to do with instability in the dynamics of the 

ocean-atmosphere interaction. 
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The model is sensitive to evaporation reduction because evaporation directly con

tributes to convective latent heating, in addition to moisture convergence feedback. 

The model is more sensitive to albedo change not only because of less infrared heat

ing, but more importantly the moisture convergence and evaporation both decrease 

drastically. Experiment A5JixEq demonstrates that the system would be much less 

sensitive with evaporation and humidity held unchanged. Surface roughness has an 

important effect by directly reducing evaporation. However, in the GeM simulation 

of Sud et al. (1994) the moisture convergence, not evaporation is found to change 

substantially as surface roughness changes. The pure dynamical effect of rough

ness change shows an intriguing wind anomaly pattern but no significant change in 

precipitation. 

We explored the consequence of continuous further deforestation. Results indi

cate that the climate system is largely able to sustain a desert-like surface at the 

location of Amazon, but probably not a dry surface with low albedo. However, 

one needs to be cautious about these findings because with such a big disturbance 

some model simplifications cannot be safely applied. The ocean may well have a 

significant response so as to alter the model results. Parameterizations such as 

that of evaporation are perhaps not valid under extreme conditions. Nontheless the 

model results point to an interesting direction and further study would be helpful in 

understanding paleoclimate in Amazonia (Dickinson and Virji, 1987) and in other 

applications. 

The weakening of the Hadley cell has further implications for teleconnection to 

midlatitude. Through weakening of the Walker circulation, Amazon deforestation 

can have some effect over central Africa. 

The model also shows a decreased Atlantic SST gradient accompanying the weak-
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ened Walker/Hadley circulation. The degree of change depends on the coupling 

strength. With standard parameter values, a 1°C decrease in SST gradient across 

equatorial Atlantic ocean was found. This suggests the need for GCM study to have 

interactive ocean and to analyze its response and possible feedback. 

The role of cloud feedback and solar absorption by atmosphere deserve some 

comments. Since shortwave absorption by atmosphere varies little with time, its 

change is negligible for the present model application purpose. The tuning pa

rameter € in Eq. (3d) can largely account for time independent contributions from 

shortwave absorption by atmosphere and radiation effects of cloud. Clouds possess 

great variability both spatially and temporally. The feedback of clouds to distur

bances such as 2 X CO2 is simulated to vary in a wide range by GCMs (Cess et 

al., 1989). ERBE observation (Ramanathan et al., 1989) shows a near cancellation 

of longwave and shortwave cloud forcing in the tropics. This balance reflects the 

internal delicacy of deep convective clouds in the tropics (Kiehl,1994). Therefore 

one has reason to expect a similarly large cancellation between cloud longwave and 

shortwave radiative forcing anomalies if a disturbance such as Amazon deforestation 

is made so that total cloud cover decreases. Indeed, this is what was found in Dick

inflon and Kennedy (1992) where decrease in downward longwave radiation largely 

balances the effect of penetrating solar radiation due to reduction in cloud cover, 

leaving a net warming of the ground caused by the roughness effect. However, the 

cancellation of cloud forcing at the top of atmosphere does not necessarily imply 

the cancellation of all radiative effects. For instance the extra solar radiation due 

to less cloud cover is mostly absorbed by the surface while the longwave effect is 

directly felt by the whole atmospheric column as well as the surface. This can make 

a difference in the atmospheric stability. In fact it is possible that this negative feed-
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back can counteract the high sensitivity of the model to disturbance. Nevertheless, 

this competing effect of cloud radiative forcing largely negates the concerns about 

neglecting of cloud feedback in the model. 

Analysis of the model thermodynamic equation reveals that model response can 

be largely explained by thermodynamics alone. The important implication here 

is that the existence of the strong positive feedback loop is rooted in model ther

modynamics. As discussed in Chapter 3, the treatment of thermodynamics has 

a fundamental deficiency. Although the latent heating dominates in the diabatic 

heating term, the moisture convergence is largely determined by the initial infrared 

heating. Over land, although convection and precipitation roughly follow the sea

sonal variation of solar radiation, in reality, other factors may well initiate convection 

at favorable places where solar radiation is not so high. Once this happens the la

tent heating released can be enough to sustain the convection. A such candidate to 

initiate convection would be the diurnal cycle. During daytime the surface tempera

ture is high and atmosphere can easily become unstable and moist convection could 

occur provided enough moisture. In this case large scale moisture convergence may 

not be necessary as a prerequisite for convection. An implication of this argument 

is that CISK type parameterization would be insufficient in accounting for such 

mechanism. On the other hand places with high solar radiation may not be favored 

in terms of other conditions. Therefore the present model likely overestimates the 

strength of the feedback loop and the sensitivity to land surface disturbance. The 

extent of the overestimate is not clear at present. The only 'evidence' is that none of 

the GCM experiments shows a similarly large reduction in precipitation and evapo

ration (Fig. 5.2). We feel there is a strong need for both observation and modeling 

of tropical convective processes over land. 
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Eltahir and Bras (1993) used a Gill type model to study the effect on circulation 

by prescribing cooling and warming resulting from reduction in precipitation and 

increase in temperature (changes of only few watts per square meter, sounds surpris

ingly low to us). One shortcoming of this type of model is that it essentially applies 

to the surface layer only. The surface pressure is determined not only by the surface 

temperature, but by the temperature throughout the whole air column. The cooling 

above is something which can not be ignored. The present model is not capable of 

producing a warmer surface for deforestation scenario as many GCMs do because 

the surface energy is not strictly balanced in the model. However, presumably one 

can prescribe a low level warming by raising the equilibrium temperature T* in the 

boundary layer, to study how the pressure (geopotential) responds. Unfortunately 

the model's vertical resolution is just not fine enough for doing that (There are 

temperature values only on two half levels, Fig. 2.1). Nevertheless there are needs 

for future GCM simulations to analyze more relevant fields at more vertical levels. 

We conclude that the present model needs improvement for confident simulation 

of the climatic consequences of Amazon deforestation. While a number of improve

ments can be achieved relatively easily in some model parameterizations, the task 

to significantly improve the parameterization of the interaction among radiation, 

convection and large scale dynamics may not be straightforward. 



Appendix A 

ROLE OF EVAPORATION RECYCLING OVER THE CENTRAL 

AND EASTERN US 
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How important the recycling of evaporation to precipitation over continent has been 

an issue of controversy (Brubaker et al., 1993). Apparently over a very small region 

the evaporated moisture should be blew out of the same region quickly due to the 

constant large scale motion of the air. However when the area of the region in 

consideration gets larger and larger the recycling plays more and more important 

role. 

The region in consideration here covers almost all central and eastern US and has 

an area of about (2000km)2. In Fig. 6.1 of Mintz (1984) the 14mm/month moisture 

convergence in boundary layer is mostly inflow from the Gulf of Mexico, and the 

36mm/month outflow blows off the east coast. Imagine there were no evaporation, 

the inflow moisture is uniformly precipitated over this region, a maximum average 

precipitation of 14mm/month can be achieved if no moisture escapes this region. 

This amount'is meager compared to 94mm/month. 

The above reasoning does not imply conflict with the fact that the ultimate 

source of moisture is the ocean. We shall explain this in two aspects: 

1. Recycling of evaporation 
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For regions upstream of the moisture inflow the precipitation is dominated by 

moisture from the Gulf of Mexico. Evaporation from these region will be mixed 

up with leftover moisture in the air and brought inland, and maybe precipitated 

downstream. Precipitation downstream would have more and more component with 

recycled continental evaporation origin. If one traces a particular water molecule 

originated from the ocean, it may undergo this precipitation-reevaporation cycle 

several times before it is blew out to Atlantic. The average "lifetime" (time between 

evaporation and the subsequent precipitation) of such a molecule is probably on the 

order of days. Some molecules will have different fate such as becoming surface or 

underground runoff. Therefore if one cuts off the evaporation supply, upstream will 

be less affected and downstream will see significant reduction of rainfall, assuming 

everything else stays the same (this assumption is apparently not true, it's made just 

for conceptual understanding. How much large scale motion will change is not clear 

and is a subject of current research and an issue we try to address in the context of 

a simple model for the Amazon). Now let's use a simple formulation originated from 

Budyko (1974) to quantitatively estimate the contribution of recycled evaporation: 

Pa qpuH/1/2 
= Pm E 

Where Pm = Precipitation from recycled Evaporation 

Pa = Precipitation with advection origin 

q = average specific humidity in boundary layer = 1% 

p = air density =lkg/m3 

u = advection velocity of boundary layer (weighted by q) = 3m/s 

H = height of the boundary layer = 1km 

1 = length scale of studied region = 2000km 
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E = evaporation = 116 mm/month 

The equation is written a way such that the right hand side separates the contri

butions to atmosphere moisture content from advection and evaporation. Plugging 

in above values (see Mintz, 1984. u = 3m/sis consistent with 14mm/month in

coming advected flux. The current more elegant estimation is about twice that of 

the crude estimation by simply dividing 14mm/mon by evaporation due to the 1/2 

factor) one has Pal Pm :::::: 2/3, or Pm/ Ptatal :::::: 60%. Koster et al. (1986) obtained 

similar value by tracing the source of moisture in a GCM simulation for eastern 

North America (A slightly larger an area than that considered here). The result 

supports the view of great significance of recycled evaporation in such a large re

gion. Shukla and Mintz (1982) conducted a GCM sensitivity study for wet and 

dry soil case. Their results show about a twice reduction in precipitation in the 

region of our interest, which is about what one would expect in above simple calcu

lation by simply removing contribution of the evaporation from total precipitation. 

This further implies that in their model the large scale motion does not adjust to 

compensate nor enhance the trend in any significant way. 

2. Contribution to evaporation from moisture storage in soil 

The soil moisture storage usually has a strong annual cycle with a maximum in 

spring and a minimum in fall. By subtracting storage of fall from that of spring 

one can estimate how much is taken away by summer evaporation. Mintz (1984) 

deduced that 22mm/month of moisture must come from soil storage to balance 

the atmosphere water budget. He neglected runoff. Rasmusson's (1968) data show 

runoff is about 20mm/month, so soil storage actually supplies about 40mm/mon to 

the evaporation. Therefore about 1/3 (40/116) of the evaporation comes from soil 

storage from last winter, the other 2/3 comes from "newly" recycled water vapor. 
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The "lifetime" of the former is on the order of half year and it is derived from ocean 

half an year ago. 

Another aspect of the importance of surface evaporation is its role in triggering 

convection by increasing moist static energy of the boundary layer. With the lack 

of this moisture supply advected moisture would have less chance to precipitate by 

convection. 

Finally it should be mentioned that all above data and crude estimations are 

for summer (July) and are concerned with water budget for a particular large area. 

What has been said should not be extended without care to different situations. 
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Appendix B 

NUMERICAL METHOD USED IN SOLVING THE EQUATIONS 

Equations (1a)-(1e) in combination with equation (5) are finite differenced on a 

staggered Arakawa-C grid in the horizontal direction while the vertical scheme is 

shown in figure 2.1, resulting in a matrix equation: 

Ax=b 

where x represents the 5 variables U, V, w, <1>, and T on each grid point in horizontal 

and vertical, and A is a linear matrix, but b = b(x), is a nonlinear function of x. b 

includes nonlinear relationships in the thermodynamic equation (Eq. (5). Forcing is 

applied only within ±300), and the surface drag which can be a quadratic function 

of U. Sparse matrix technique is employed to decompose A into two triangular 

matrices: 

A=LU 

where L is a lower triangular and U is an upper triangular. Then iteration is used 

to solve the nonlinear matrix. 

where n represents the nth iteration. Since LU decomposition is done once and for 

all, the back substitution needed for each iteration is highly efficient. The model was 
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run on an IBM RISCj590. Without eliminating variables for original five equations 

the L U decomposition process took a few hours while each iteration needed less 

than one second CPU time. The iteration procedure converges quickly (Fig. B.1). 

However, ifthe resolution goes higher the computing time for the LU decomposition 

rises dramatically (approaching cubic dependence on resolution even though a sparse 

matrix technique is used. cf. Press et al., 1992). Eliminating four variables before 

finite differencing would allow compensation for a 5-fold increase in resolution. The 

ocean model is solved in a similar fashion. 

Zebiak (1986) has shown that the iteration procedure with convergence feedback 

numerically converges if the feedback term of the thermodynamic equation (the 

equivalent of Eq.(le)) is smaller than the adiabatic cooling term. Otherwise the 

model numerically diverges and it represents a different climate regime (e.g., Gill 

1982). We found this numerical convergence criterion holds for equations (la) and 

(lb) where U or V is the equivalent of w in equation (le). For instance, rX is pro

portional to U in Eq. (la). If we set a to be a large value in matrix decomposition, 

the addition of a term representing rX can be iterated until the model converges to 

the desired value. The advantage of doing so is that a variable on the right hand 

side can be solved in few seconds. This is especially useful if rX is parameterized as 

model dependent (even if it is a quadratic function of model wind). We further an

ticipate this technique can be used for dealing with nonlinear advection if properly 

done. 
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Figure B.1: Convergence r<l:te of matrix solution. Shown is the vertical velocity of a 
point in central Pacific ITeZ. Note: vertical velocity before iteration is that due to 
IR heating only, and it approaches its final value (about twice the initial value at 
this location) at equilibrium. The large initial peak is related to surface drag. 
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