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Abstract
Climate modeling and tropical cyclone forecasting are two significant is-

sues that are continuously being improved upon for more accurate weather

forecasting and preparedness. In this thesis, we have studied three climate

models and formulated a new model with a view to determine the outgoing

longwave radiation (OLR) budget at the top of the atmosphere (TOA) as ob-

served by the National Oceanic and Atmospheric Administration’s (NOAA)

satellite based Advanced Very High Resolution Radiometer (AVHRR). In

2006, Karnauskas proposed the African meridional OLR as an Atlantic hur-

ricane predictor, the relation was further proven in 2016 by Karnauskas and

Li. Here we have considered a similar study for all other tropical cyclone

basins.
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Chapter 1: Introduction
Climate modeling using a variety of statistical methods have been used to predict hurri-

canes and the effects of global warming. The Paris accord set expectations to most countries

as to how each will contribute in mitigating the rate of climate change, by limiting their

greenhouse gas emissions. However, some people in a position of authority have questioned

the ability of science to correctly predict climate change [31].

A famously referenced saying: “all models are wrong, but some are useful”, misleads the

wider public to distrust mathematical models all together. Yet, the center of the discussion is

entirely dependent on the causes and effects of physical, chemical and biological processes, all

of which are well understood. These are used as building blocks for models, beginning with

the dynamics and physics of the climate system and continuously improving the accuracy of

the model by including the more complex processes into our numerical solutions.

In order to fully understand the system and be sure of the accuracy of such models, it

is necessary to gather data from terrestrial observations. The recent geologic past is known

from the Antarctic ice sheet ice core data, this data indicates that the earth’s climate has

large variations in geologic time scales. The records we have extend 800,000 years into the

past, revealing eight ice ages and interglacials. The variations, we have temperature ranges

from −10◦C to +4◦C from the modern baseline; we are currently at +1◦C. The atmospheric

concentration of CO2 varies from 180 parts per million (ppm) to 300 ppm, currently the

CO2 atmospheric concentration is at 408 ppm. Compiling a record of direct observations of

weather and climate began in the 1850’s.

After World War II, weather balloons measuring temperature, pressure, humidity, and

wind velocity were launched at major airports. Shortly after the inception of the United

Nations (UN), the World Meteorological Organization (WMO) was formed in 1950 as a

specialized agency within the UN. Since then, many measurement campaigns have been put
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together to advance the understanding of climate and weather phenomena. Satellite data

since 1979 has included measurements on radiation budget, sea surface temperatures, ice

extent and has developed further since then. Although, the first weather satellite, Vanguard

2, was launched 1959. With its subsequent missions improving in instrumentation, it was

only in 1979 that the data sets brought a full picture of earth’s climate system. Ground

based data on the other hand, is largely restricted to continental land masses with fewer

measurements for the oceans. Ships do record meteorological observations, such as pressure,

air temperature, sea surface temperature, and wind velocity. However, ocean vessel routes

do not form a uniform coverage, nor they continuously observe a single point in the ocean.

Buoys may aid with some the short comings however, there are not enough of them deployed

to obtain a sensible data set.

In the first part of this thesis we will be looking into three models related to the atmo-

sphere’s thermal structure, in order to formulate a model of outgoing longwave radiation.

This is achieved through understanding the radiation balance between the absorption, re-

flection, and scattering of incoming solar radiation. Generally, we can divide radiation in

the atmosphere into two forms: shortwave and longwave. Shortwave radiation in the range

between 0.2 and 4µm, is the sunshine that heats the earth. Whereas the cooling effect of

the planet is due to the “release” of longwave radiation, which is mostly infrared ranging

from 4 to 100µm. Hence we have that the flux at the top of the atmosphere is exclusively

shortwave, because other types of radiation do not enter the atmosphere. Some wavelengths

can be absorbed or reflected by clouds, gases, and the earth’s surface.

Nevertheless, the energy balance over a year is not zero. For instance, the difference

between absorbed solar radiation and outgoing longwave radiation varies by approximately

20W/m2 a year[18]. This imbalance is due to the fact that the earth stores a certain amount

of energy. The heat capacity of the oceans play a significant role in the absorption of

radiation, as well as the atmospheric composition. In figure 1.1 we see an illustration of how
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Figure 1.1: Illustration of incoming and outgoing radiation

clouds are able to reflect some of the thermal energy back towards earth; moreover, some

atmospheric gases namely greenhouse gases perform the same task which leads to global

warming. It has been conjectured that the earth is not currently in radiation balance but

going through a trasient phase [31]. How much out of balance? Is a fundamental question

in order to determine the timing and extent of human induced climate change.

Our interests in OLR go further then simply modeling earth’s radiation budget. It has

been shown that longwave radiation over the African continent is capable of predicting

season Atlantic hurricane activity (i.e. number of hurricanes per year) [34]. It has also been

shown that the observed longwave trends over Africa are been influenced by greenhouse gas

emissions [36]. Thus, in this thesis we propose that similar correlations can be found between

longwave radiation and tropical cyclone (i.e hurricane, typhoon) activity in the other basins

around the world.
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Chapter 2: Models
In this chapter will present three different models that represent how our climate behaves

in terms of longwave radiation. First, we see a simple model of outgoing radiation as a part

of the net radiation budget in the Earth’s climate system. Second, we explore part of the

Intergovernmental Panel for Climate Change (IPCC) Assessment Report 5 (AR5) ordered

models. Finally, in section 2.2 we explore the radiation forcing caused by greenhouse gases,

mainly CO2.

2.1: Simple Outgoing Longwave Radiation (OLR) Model

In 1993 Lagouarde and Brunet proposed a simple model to be evaluated by the NOAA

satellite based Advanced Very High Resolution Radiometer (AVHRR)[7], the model exam-

ined the surface OLR flux through the following equations.

Rn = (1− a)Rg + εRa − L ↑ (2.1)

L ↑= εσT 4
s (2.2)

(2.1) is valid for any time frame, for the purposes of this study we will use daily scales.

Thus for this time scale will consider Rs to be

Rs =

∫ τ

0

σT 4
s dt (2.3)

where τ = 24 hours in a day, and is related to L ↑ by a version of (2.2)

L ↑= εRs (2.4)

4



The surface temperature Ts at time t can be described as

Ts = Tam + α∆T sin

(
π
t− tSR
tSS − tSR

)
(2.5)

with

α =


constant tSR ≤ t ≤ tSS

0 otherwise

Combining (2.3) and (2.5) and integrating the latter we obtain

Rs = σT 4
am(γ(tSR − tSS) + τ) (2.6)

with

γ =
3

8
c4 +

16

3π
c3 + 3c2 +

8

π
c (2.7)

and

c = α
∆T

Tam
(2.8)

Rn Net Radiation Flux
Rg Incident Solar Radiation
Ra Incoming Atmospheric Longwave Radiation at Surface
Rs Surface Black-Body Emission
L ↑ Surface Upward Longwave Radiation
a Albedo
σ Stephen-Boltzmann constant
ε Emissivity
Ts Surface Temperature

Table 2.1: Net radiation model variables and coefficients

2.2: Coupled Model Intercomparison Project’s CO2 Forcing

The phase 5 of the Coupled Model Intercomparison Project (CMIP5) had as one of its

goals to better understand processes related to the carbon cycle and clouds. In 2013 Geoffroy
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et al. proposed an analytical solution to 16 of the atmosphere-ocean global climate models

(AOGCMs).

2.2.1Atmosphere, Land Surface, and Upper-Ocean

The annual mean surface temperature is extremely useful when determining effects of

climate change induced by an external perturbation.

Energy-balance models (EBMs) are simple climate models (SCMs) that can be helpful

when summarizing particular properties of the more complicated AOGCMs. In [29] a two-

layer EBM is proposed to analyze thermal proprieties in CMIP5 models.

The net radiative imbalance N can be expressed as N = F − λT . Furthermore in

equilibrium, when N = 0 we obtain the equilibrium temperature Teq = F/λ.

The two predictive variables T and T0, the forcing parameter F and four free parameters

γ, λ, C, and C0; satisfy the system:

C
dT

dt
= F − λT − γ(T − T0) (2.9)

C0
dT0
dt

= γ(T − T0) (2.10)

In the case for this particular model, the outside perturbations are forced from CO2

concentrations. Thus, the radiative forcing becomes as follows:

F(t) =
F2×CO2

log(2)
log

(
[CO2]t
[CO2]0

)
(2.11)

where [CO2]t and [CO2]0 are the time dependent and preindustrial CO2 concentrations re-

spectively and F2×CO2 is the radiative forcing with doubling the concentration of carbon

dioxide in the atmosphere. The right hand side of (2.9), (2.10) are the tendencies of heat

contents in each layer.

The temperature TH is defined as the climate systems heat uptake, in other words, it is

6



the difference between T and Teq. Therefore, TH is the storage of heat in the climate system

at any time, following the equation.

TH(t) = T (t)− Teq(t) = −1

λ

(
C
dT

dt
+ C0

dT0
dt

)
(2.12)

Notice that here when TH < 0, it represents positive heat storage in the climate system.

T Global mean surface air temperature perturbation
T0 Characteristic temperature perturbation of the deep-ocean
F Radiative forcing
N Net radiative imbalance
λ Radiative feedback parameter
γ Heat exchange coefficient
C Upper-ocean heat capacity
C0 Deep-ocean heat capacity

Table 2.2: EBM variables and parameters

2.2.2Deep Ocean

Following the set up of the upper-ocean model above, the framework is taken and im-

proved upon to generalize for the heat uptake of the deep ocean, both in general and for

localized regions. (2.9) is slightly modified by the addition of the deep-ocean heat uptake

efficacy factor ε making it

C
dT

dt
= F − λT − εγ(T − T0) (2.13)

while (2.10) remains unchanged. Furthermore we define H = γ(T − T0) as the heat flux

exchange between the upper and deep ocean layers, which then further changes the net

radiative imbalance at the top of the atmosphere (TOA).

N = F − λT − (ε− 1)H (2.14)

Geoffroy et al. in [28] goes further to hypothesize that the net radiative imbalance is the

7



sum of the instantaneous heat uptakes.

N = C
dT

dt
+ C0

dT0
dt

(2.15)

On the other hand, we are also able to describe the net radiative imbalance as the sum of

the radiative forcing and radiative response (RT ).

N = F +RT (2.16)

The radiative response RT , in turn, can be described as the sum of three radiative responses

Req = −F and the responses RU and RD equal to the instantaneous rate of heat storage

in the two layers of the system. The temperature changes in the upper ocean TU and deep

ocean TD are then introduced accordingly, such that RU and RD are linear functions of each

with feedback parameters λ and λD, respectively. Leading to the system of equations:

−F = Req = −λTeq (2.17)

C
dT

dt
= RU = −λT (2.18)

C0
T0
dt

= H = RD = −λDTD (2.19)

The deep-ocean heat uptake is related to a different feedback parameter due to the patterns

in TD (for more details see [28] section 2b).

Likewise, additivity of surface air temperature response is assumed yielding:

T = Teq + TU + TD (2.20)

We see the assumption to be valid as it yields the total heat uptake of the system TH =

8



T −Teq = Tu+TD, we also see that the sum of the upper and deep ocean radiative responses

form the net radiative imbalance in the system: RU +RD = N .

Now by combining (2.17), (2.18), (2.19), and (2.20) we obtain

C
dT

dt
+H = F − λT − (λ− λD)TD (2.21)

the deep-ocean heat uptake efficacy factor is then introduced following [21], [24], [37].

ε =
λ

λD
(2.22)

Take this definition into account and the fact that TD = −H/λD we have that (2.13) is

equivalent to (2.21).

It is often useful to examine the local energy balance to understand feedback response

of the temperature, the change in heat content of a climate system column is equal to the

local radiative imbalance and the local convergence of the horizontal energy.

dhi

dt
+
dhi0
dt

= F i − λiT i + Ait + Ai0t (2.23)

dhi/dt Local change in heat of upper-ocean
dhi0dt Local change in heat of deep-ocean
Ait Local convergence of horizontal energy flux of upper-ocean
Ai0t Local convergence of horizontal energy flux of deep-ocean

Table 2.3: local energy balance variables

Other variables still hold the same meaning with the superscript i representing the local

value, and the subscripts eq, U , and D still representing equilibrium, upper-ocean and deep-

9



ocean respectively. We have that the averages of the introduced local variables are

1

n

n∑
i=1

dhi

dt
= C

dT

dt

1

n

n∑
i=1

dhi0
dt

= C
dT0
dt

and

1

n

n∑
i=1

Ait =
1

n

n∑
i=1

Ai0t = 0

Furthermore, note that the local heat flux between the two layers satisfies

dhi0
dt

= H i + Ai0t (2.24)

The assumption of additivity for the temperature balance continues and due to this assump-

tion we are able to decompose (2.23) as

F i − λiT ieq + Aieq + Ai0eq = 0 (2.25)

− dhi

dt
− λiT iU + AiU + Ai0U = 0 (2.26)

and

− dhi0
dt
− λiT iD + AiD + Ai0D = 0 (2.27)

The additivity assumption also follows for the local convergence of horizontal energy flux

variables and the equilibrium, upper and deep ocean components of the variables also average

to zero. Assuming that Ai0U = 0 leads to Ai0D = Ai0t − Ai0eq.

The function rieq = T ieq/Teq is introduced as the normalized equilibrium temperature

10



amplitude function. Allowing us to rewrite the local heat budget at equilibrium as

F i − λirieqTeq + Aieq + Ai0eq = 0 (2.28)

Note that the equilibrium temperature depends on local forcing, feedback, and amplitude of

local energy convergence. Hence, the total feedback is determined to be

λ =
1

S

∫ ∫
rieqλ

ids (2.29)

where S is the world’s surface area and ds is the surface element. Likewise the deep-ocean

heat uptake feedback parameter can similarly be described as

λD =
1

S

∫ ∫
riDλ

ids

where riD 6= rieq, for more information refer to (2.19).

From (2.19) and (2.22) we can express the net radiative imbalance as

N = F − λT − (λ− λD)
ε

λ
H (2.30)

the TOA radiative flux can be described in two separate components shortwave (SW) and

longwave (LW). These variables and radiative parameters can be introduced to each compo-

nent individually yielding the two equations

NSW = FSW − λSWT − (λSW − λSWD )
ε

λ
H (2.31)

NLW = FLW − λLWT − (λLW − λLWD )
ε

λ
H (2.32)

Each of these parameters are calculated and described in [28] according to the 16 AOGCMs

11



from CMIP5

2.3: Cloud Radiation Forcing

2.3.1Thermodynamics

To understand how clouds work, we must first understand the thermodynamics of water

(i.e. moisture) in the atmosphere, how it is quantified and how it moves in the air.

We let ρw and ρd be the densities of wet (water vapor) and dry air respectively. We say

that that q = ρw
ρd

is the mixing ratio of vapor and dry air. Furthermore, the specific humidity

of the air is defined as

ρw
ρw + ρd

Conservation of mass implies that

dq

dt
=

1

ρ
M + E

where M is a sink, defined as the change through freezing and condensation, and E is a

source, as the rate of change through evaporation. The thermodynamic equation is modified

due to the release of latent heat as water vapor converts to liquid water

CpdT −
1

ρ
dp = −Ldqs

where T is temperature, p is pressure, and qs is the saturation mixing ratio. Since we have

that dp = −ρgdz, the change in moisture’s temperature as we rise in the atmosphere (i.e.

lapse rate) becomes

dT

dz
= − g

Cp
− L

Cp

dqs
dz

(2.33)

We then obtain an approximation by combining the above equation with the Clausius-

Claperyon equation [15]

dqs
dz
≈ Lqs
RmT 2

dT

dz
+
qsg

RT
(2.34)

12



thus we get the new moisture lapse rate [31] by using (2.33) and (2.34)

dT

dz
= −gRmT

R

(
RT + Lqs

CpRmT 2 + L2qs

)
(2.35)

More generally the energy budget associated with moisture will enter the system as a

source and change of temperature will come from the conversion of vapor to liquid and vice

versa over time, thus

Cp
dT

dt
≈ L(q − qs)

Cp Heat capacity of air 1.00464× 103J(kgK)−1

L Latent heat of water vaporization 2.5104× 106J(kg)−1

g Earth’s gravitational constant 9.8ms−2

R Ideal gas constant 287.04J(kgK)−1

Rm Gas constant of water vapor 461J(kgK)−1

Table 2.4: Coefficients and their values

2.3.2Cloud and Radiation Models

In a 1997 study different cloud radiation schemes were tested in the National Center for

Atmospheric Research (NCAR) Community Climate Model Version 2 (CCM2). The scheme

we are most interested in is the one of clouds with variable droplet effective radius including

the ice phase (CWRI), which is the one built upon all previous schemes as described in [13].

Cloud water content is represented through the simple equation

qw = q + qc

where qw is the total water content, q is the specific humidity as seen previously, and qc

represents the cloud water content. In the model used these are defined through statistical

methods of a simple symmetric triangular distribution function [38].

An assumption made is that a cloud’s radiative properties are dependent on their water

13



content, thus the cloud water path (CWP) is computed in explicit terms based on the above

scheme

CWP =

∫
ρwdz =

qc
C
ρa∆z (2.36)

here CWP is in kg m−2, ρw is the cloud water density in kg m−3, C is the fraction being

observed, hence the fraction is the in-cloud water content, ρa is the air density and ∆z is

the atmospheric layer.

In addition to the cloud water path’s dependence on the cloud water content, the effective

radius for water liquid water droplets is parametrized as

rL =

(
LWC× 3

4πN

) 1
3

(2.37)

the radius rL is in µm, LWC represents the liquid water content with units gm−3 and

N is an estimate of the concentration of droplets to be taken as 150cm−3 over oceans and

600cm−3 over land. On the other hand, the effective droplet radius for an ice cloud can be

described in terms of temperature as shown in [3], [10], so we use

rI = 0.71T + 61.29 (2.38)

rI follows the same units as rL, T is in °C, however, there are boundaries associated with

rI , 4µm ≤ rI ≤ 40µm, for reasons associated with absorption and scattering which were not

covered here but are in [13]. In temperatures where we can find both ice and liquid water in

a cloud the following function was formulated

f =


1
6

(
T+15

5

)2 −15◦C < T < −5◦C

1− 1
3

(
T
5

)2 −5◦C ≤ T < 0◦C
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thus the resulting mixed phased radius rm can be written as

rm = frL + (1− f)rI (2.39)

For the purposes of this thesis we mostly concentrate on the longwave radiation compo-

nents of the presented models. So, for longwave radiation we must understand the emissivity

of a cloud ε, which is defined in each layer k (i.e. each ∆z) in terms of CWP [9]

ε(k) = 1− exp(aCWP(k)) (2.40)

with a being an absorption coefficient which takes the value 0.065 m2g−1 for ice clouds and

0.13m2g−1 for water clouds.

Moreover, understanding the more straightforward link between cloud cover and the

radiation budget, we must address cloud radiation forcing (CF) [4], [6]. CF is defined as the

impact of clouds with regards to radiation budget at the top of the atmosphere, which can

be expressed as

CF = (Q−QC)− (F − FC)

where Q is the net incoming solar radiation, F is the outgoing longwave radiation at TOA,

and the subscript C denotes the radiation flux during clear skies for both. Similarly to

section 2.2.2 we can split CF into longwave (LW) and shortwave (SW).

CFLW = FC − F

Although, here we are not too concerned in isolating the longwave feedback it is worth

mentioning that it is possible to decompose the total OLR. The ∆F due to climate change

may be decomposed into variations of temperature (T ), water vapor (q), clouds (CL), and
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more, in other words

∆F = ∆FT + ∆Fq + ∆FCL + · · ·+Re (2.41)

Re is what we call the residual term, and ∆FCL is the change in quantity arising form the

simulation with respect to clouds.

2.4: Proposed Outgoing Longwave Radiation Model

Here, we will propose a model that will strictly compute the outgoing longwave radiation

at the top of the atmosphere. We will quite literally combine the three models above to

provide a simple, yet complete picture of OLR from Earth’s climate system. Furthermore,

the model will concentrate on localized areas as the land scape of the earth changes.

We have that the OLR coming from earth follows the Stephen-Boltzmann Law of black-

body radiation with regards to emission thus

OLR = εσ

∫
Todt. (2.42)

Here To represents the temperature at the medium measured. Those could be land (l),

upper ocean (u), or cloud (c). The temperature of deep ocean (d) will also be taken into

consideration as it influences the temperature of the upper ocean.

Assumption 1 : the net radiative imbalance can be expressed as the difference between

radiation forcing and the temperatures radiative feed back N = F − λT . Following from

Geoffroy et al. F is the CO2 forcing expressed over time as:

F(t) =
FN×CO2

log(2)
log

(
[CO2]t
[CO2]0

)
. (2.43)

Where FN×CO2 is the average radiative forcing of placing N times the preindustrial

amount of CO2 into the atmosphere. [CO2]t is the carbon dioxide concentration in the

atmosphere, and [CO2]0 is the preindustrial concentration (this holds true for t ≤ 0).
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Assumption 2 : the atmosphere does not play a significant role in emitting radiation.

Hence we obtain a differential equation for the lands heat.

Cl
dTl
dt

= F − λTl. (2.44)

Assumption 3 : Sea ice does not have an effect in the in ocean temperatures, with this

assumption we are ready to propose the system as found in [28].


Cu

dTu
dt

= F − λTu − δγ(Tu − Td)

Cd
dTd
dt

= δγ(Tu − Td).
(2.45)

We can express this system in matrix form as

d

dt

 Tu

Td

 =

 −(λ+ δγ)/Cu δγ/Cu

δγ/Cu −δγ/Cu


 Tu

Td

+

 F/Cu
0

 ,
let us call

A =

 −(λ+ δγ)/Cu δγ/Cu

δγ/Cu −δγ/Cu

 .
We find that A has eigenvalues of the form 1/e+ and 1/e− where

e± =
CuCd
2ηδγ

(
η + δγ

Cu
+
δγ

Cd
±

√(
η + δγ

Cu
+
δγ

Cd

)
− 4ηδγ

CuCd

)
.

Furthermore A has eigenvectors of the form (1, v+)T and (1, v−)T where

v± =
Cu
2δγ

(
η + δγ

Cu
− δγ

Cd
±

√(
η + δγ

Cu
+
δγ

Cd

)
− 4ηδγ

CuCd

)
.

These values will allow us to solve (2.45). The solutions are fairly trivial, in (2.44) we have
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a linear differential equation with the following solution

Tl(t) = e−λt/ClTl(0) + e−λt/Cl

∫ t

0

eλs/ClF(s)ds, (2.46)

similarly, we used variation of parameter to solve (2.45)

 Tu

Td

 = etA
∫ t

0

(esA)−1

 F(s)/Cu

0

 ds. (2.47)

We approach cloud radiative emission, proposed by Lee as the cloud radiative forcing in [13].

Therefore, we must bring about a new assumption.

Assumption 4 : A cloud’s radiative properties are dependent on its water content (qc).

We have that a cloud water content is defined as a symmetric triangular distribution function

[38]. For more information on the formulation of the model see 2.3.2. Ultimately we use (2.40)

to determine the emissivity of a given cloud. Lastly, we use the statistical models as described

in [22] and [19] to determine cloud occurrence frequency and temperature respectively.

Therefore, our OLR model will rely on three variables x, the latitudinal coordinate, y,

the longitudinal coordinate, and t, the time. The following ε will vary depending on terrain

within the coordinates (x, y), or cloud cover.

OLR(x, y, t) =



ε(x, y)σ
∫ t
0
Tl(s)ds when x, y are over land

ε(x, y)σ
∫ t
0
Tu(s)ds when x, y are over ocean

εσ
∫ t
0
Tu(s)ds when x, y are under cloud cover

(2.48)
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Chapter 3: Tropical Cyclone Basins
There are seven tropical cyclone basins where large storms occur on a regular basis.

According to NOAA’s National Hurricane Center, approximately 69% of the tropical cyclones

occur in the Northern Hemisphere while only 31% can be found in the Southern Hemisphere.

Approximately 12% occur in the Atlantic Ocean, 57% occur in the Pacific and the remaining

31% occur in the Indian Ocean [30].

Figure 3.1: Track of all tropical cyclones in the World

3.1: Atlantic

The Atlantic Basin encompasses the Caribbean Sea, Golf of Mexico, and the North

Atlantic Ocean. Tropical Cyclones in this region are known as Cape Verde type hurricanes

due to their formation off of the coast of North Africa and their ability to affect North

America.

Hurricane formation varies greatly within each year. The range of named storms is from

28 to 4 per year [8]. The season in this basin ranges from June 1st to November 30th. The
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Atlantic Basin is the third most active region in the world. Due to the unique currents in the

Golf of Mexico and the Caribbean Sea, this area experiences some of the largest hurricanes

in the world (e.g. Irma, Katrina).

3.2: Northeast Pacific

Northeast Pacific Basin which ranges from Mexico and Southern California to the 180◦

longitude line. Hurricanes in this region originate off the westerly waves by the intertropical

convergence zone (ITCZ) from the northern parts of South America.

Most storms in this region are dragged through the ITCZ westward and only a small

percentage of the storms reach the coast of Mexico. Throughout history, only one a handful

has reached the southwest United States [16]. This basin experiences about as much activity

as its Atlantic counterpart, with a similar season from May 15th to November 30th.

3.3: Northwest Pacific

Northwest Pacific (NWP) Basin ranging from the 180◦ longitude line to East Asia and

the South China Sea, is the most active basin. It has an average of 26 tropical storms per

year where 16 of of those storms develop in Typhoons/Super Typhoons. They account for

one-third of all tropical storm activity on the planet.

Storms here form west of Hawai’i in the Central Pacific and affect virtually every country

in East and Southeast Asia. The region experiences tropical activity year round however,

it’s peak season occurs from May through November.

3.4: North Indian

North Indian Basin includes the Bay of Bengal and the Arabian Sea. This region is

extremely inactive with an average of 5.1 storms per year as of 2014 [32]. Typhoons here

affect mostly India and Bangladesh however, the storms may reach countries in East Africa

and the Arabian Peninsula.
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3.5: Southwest Indian

Southwest Indian Basin is the region from Africa to about 100◦ east. This basin expe-

riences an average of 9 tropical storms per year, most of which affect the island country of

Madagascar and other smaller island nations. These storms originate off the western coasts

of Australia and Indonesia.

3.6: Southeast Indian

Southeast Indian Basin reaches from 100◦ east to 142◦ east. Similarly to the basin

mentioned above, storms here form between Australia and Indonesia. The region is slightly

less active than its western counterpart.

3.7: Southwest Pacific

Southwest Pacific Basin (142◦ east to about 120◦ west). These storms are similar to

the Northwest Pacific Basin storms where they develop in the middle of the Pacific Ocean.

However, activity is far less in the Southern Hemisphere. All the Southern Basins share the

same peak season from November until April.

It is also common to refer to the Southeast/west Indian basins as the Australian basin, as

the 142◦ east longitude line crosses Australia. Cyclones from both basins affect the country.
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Chapter 4: Tropical Cyclone Forecasting
The warm oceans in tropical region are the breeding grounds of tropical cyclones. These

take different names according to their intensity. A tropical depression has rotary winds

under 17ms−1, a tropical storm rotates at speeds under 33ms−1 and a fully formed tropical

cyclone (i.e. Hurricane, Typhoon) speeds are greater than 33ms−1.

Tropical cyclone (TC) forecasting has been a challenging problem for many decades. This

global issue needs to be dealt with in nearly every continent in the planet, as it affects life and

property. TC seasonal forecasting is a key element of an early warning system to increase

preparedness of coastal communities ahead of the TC season and such a service is provided

by several organizations around the world.

4.1: General Forecasting

TC seasonal forecasting, until recently, has concentrated greatly in the connections be-

tween sea surface temperature (SST) and TC activity. Granted, it has been well documented

that it requires sea surface temperature above 26◦C for tropical cyclones to form [1]. The

focus in SST pushed for increased knowledge in phenomena such as El Niño Southern Os-

cillation (ENSO).

ENSO is highly linked to precipitation in certain coastal areas around the globe [5]. Fur-

thermore, ENSO-related covariates for TC seasonal forecasting for a specific region depends

on the impact of ENSO on the spatial distribution of TCs. Linear discrimination analysis

and support vector regression (SVR) models (or support vector regression machines) are

used as forecasting tools, in particular when working with ENSO Index [33].On the other

hand, El Niño is highly unpredictable and we do not fully understand why the variability is

so much higher in the past century [27].

Furthermore, TC tracking forecast has been prioritized over seasonal and precipitation

forecasts; some dynamical models attempt to predict the amount of precipitation of a TC
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as it is being tracked [35]. However, with advancements in remote sensing, there is more to

anticipate with the amount of precipitation a region may receive[23].

Other parameters explored in tropical cyclone activity forecast are those inter-annual

variations of TCs in the Australian Region are linked with pressure anomalies in northern

Australia [2]. Furthermore, large scale circulations, including wind shear have been proven

to aid in the forecast of tropical cyclones due to the are crucial for cyclogenesis [14], [20].

4.2: Outgoing Longwave Radiation

The latest decades advancements in satellite imagery and remote sensing have allowed

us to explore new sets of data and possibilities. One of which shows potential as a predictor

of rainfall and tropical cyclones: outgoing longwave radiation (OLR).

OLR has been shown to have a high negative correlation in equatorial and low latitude

area in South East Asia; namely Indonesia [25]. This region is the source of tropical activity

leading towards the genesis of cyclones in the Southeast and west Indian sea.

Furthermore, OLR has also been shown to be highly linked to Atlantic tropical cyclone

activity when in the context of the African meridional OLR [17], [34]. The OLR Index yield

a success rate of 87%, compared to NOAA’s outlooks of 53%. The indices are statistically

robust, highly predictable, and physically linked to TC activity.

4.3: Future of Tropical Activity

The emission of greenhouse gases has put a strain into the environment. As the earth’s

climate system heats up, the oceans will be warmer and potentially produce more powerful

tropical cyclones.

In particular, it has been shown that since 1984, typhoons in East Asia have been gaining

in size and speed as well as possibly changing paths [39]. Moreover, [26] shows that at the

Western North Pacific Basin, tropical cyclones are decreasing in activity and frequency but,

increasing in intensity and efficiency of intensity.

On the other hand, the OLR trend pattern from CMIP5 future projections shows an
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increasing OLR gradient in response to the greenhouse gases; suggesting a potential 10%-

20% increase in tropical cyclone activity by the end of the twenty first century [36].
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Chapter 5: Experiment

5.1: Methods

Measurements of OLR were made by the satellite based Advanced Very High Resolution

Radiometer (AVHRR). The AVHRR has flown aboard the National Oceanic and Atmo-

spheric Administration (NOAA) Polar Orbiting Environmental Satellites (POES). Data col-

lected by the NOAA- 7, 9, 11, 12, 14 and 16 satellites are used in the AVHRR OLR data set.

Measuring electromagnetic radiation with wavelengths between 10.3 and 12.5 micrometers

at a spacial resolution of 4 km, which is used to estimate longwave emissions.

The data have been interpolated in space and time to fill missing values [12]. Moreover,

the OLR Index is constructed by the algebraic difference between the maximum and mini-

mum of areas east of the basin being analyzed. In particular, this action is done to avoid a

drift signal in satellite OLR measurements[11].

5.2: Results

Using the two-tailed T test for 99% significance we find the following basins to have a

correlation coefficient with their respective OLR indexes.

Figure 5.1: North Indian

Within the northern oceans the correlation coefficients are low, with North Indian ocean

(Fig.5.1) obtain r = −0.0221, Northwest Pacific Ocean (Fig.5.3) has the coefficient r =
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Figure 5.2: Northeast Pacific

Figure 5.3: Northwest Pacific

0.1255, and the Northeast Pacific Ocean (Fig.5.2) with r = 0.0287. However, we observe

sections in the East Pacific basin that do align with the OLR index which yields a correlation

coefficient r = 0.5351 between the years of 1993 and 2006, and if reduced more to the section

between 2000 and 2006 the coefficient increases again to r = 0.8871. This will be further

commented on in the conclusion section.
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Figure 5.4: South Indian

Figure 5.5: South Pacific

The Southern Hemispheric oceans in turn had drastically different results with the South

Pacific basin yielding r = −0.2196 (Fig.5.5), meanwhile the highest correlation belongs to

the South Indian basin with r = 0.5274 (Fig.5.4).
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Chapter 6: Conclusion
The relatively high correlation found between the OLR index and the South Indian basin

suggests that longwave radiation merits further study as a potential predictor for tropical

cyclones in that region. Likewise, for the East Pacific basin the patterns between the years

1993/2000 and 2006 are unique to the basin in the sense that no other basin had high

correlations in a span longer then four years (except the South Indian). The time frames

of these patterns seem to coincide with strong El Niño events, thus further study in the

connections between ENSO events and outgoing longwave radiation are of interest as well.

Due to the nature and time constraints in this study the model was only formulated.

Thus, it remains for future research to calibrate the model and compare the results with

the AVHRR based satellite data. Furthermore, it would be ideal to create analytical func-

tions to model cloud temperature. The use of further satellite data to calibrate cloud top

temperature, water path, and occurence frequency as in the International Satellite Cloud

Climatology Project (ISCCP) would be necessary for accurate results. Lastly, to make the

model comprehensive it is imperative that the interaction between the ocean and sea ice be

added to the equations in order to portray all the regions in the world to its full extent.
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