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PRESENTACION

Con motivo del 50 aniversario de la Unidn Geofisica Mexicana y de su revista, Geafisica fnternacional (GI), la mesa

directivis 2010-2011 acords publicar esta monografia conmemorativa que redne una seleccidn de articulos publicados en GF
desde su infciacion en 1961,

Esta monografia consta de cuatro partes, cada una de las cuales incluye articulos de las disciplinas que establece <l
catatuio de la Unidn: Ciencias de la Atmdsfera, Ciencias Espaciales, Oceanografia y Limnologia, y Ciencias de la Tierra,
Los 54 articulos seleccionados cubren una amplia gama de (picos de investigacion relacionados con diversas regiones de
México ¥ realizados en su mayoria por peofisicos mexicanos.

En In primera parte presentamos una sebeccidn de articulos sobre Clencias de la Atmdsfera publicados desde 1964
sobre patrones de flujo superficial ¥ de aliura cn México y estudios pioneros sobre e desarrollo de ciclones tropicales v I
parametrizacion de nubes en modelos numéricos. En esta seccién también se presentan articulos sobre ¢l impacto de la erup-
cidn volcénica de El Chichdn en la atmdsfers v sobre bos efecios de El Nifio en México.

Los anticulos scleccionados del drea de Ciencias Espaciales cubren diferentes aspectos relacionados con la sctividad
solar y sus efectos en la magnetosfern, en |a jondsfera v superficies termestres, asi como sobre los FAVDS COSImiCDs,

En la tercera parte incluimos antfeulos relacionados con Oceanografia y Limmnologia publicados en GI desde 1961 v
que cubren estudios que van desde mareas v tsunamis hasta métodos para hacer mediciones oceanogrificas y anfculos de
simulaciones numéricas que han permitido estudiar los fendmenos de circalacidn en el Golfo de México ¥ £n olos manes
e 1a Repdblica.

Finalmente, presentamos en Iz coarta parte de la monografia una seleccidn de veinte articulos que tratan diversos as-
pectos geofisicos de la Tierrn Salida.

Esta seleccidn intenta proporcinar un panorama general de los principales temas en geociencias que sc han venido de-
sarrollando en nuestro pals en los ditimos 50 afos, Fs un compendio que esperamaos sea de utilidad para nuestra comunidad,
particularmente para aquellos investigadores jovenes y estudiantes que inician una carrera en alguno de estos femas.

José Manuwel Bomo Jones
Divisidn Ciencias de |a Tierra
Departamento de Geofisica Aplicada, CICESE

Ensenada, Baja California, Julio de 2012
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Ciencias atmosféricas

Prefacio

Posiblemente el avtor mids prolifico a la fecha en cien-
cias atmosféricas en Geofisica Infernacional (GI) es el Dr.
Julidn Adem, quien fue el editor fundador de esta revista en
enero de 1961, v ambién fue ¢ presidente fundador de la
Uinidn Geofisica Mexicuna en noviembre de 1960, El mod-
elo ermodindmice de Adem, tambidn conocido como Modelo
Adem (Adem, 1962), se reconoce en la modelaciin numérica
del clima como un precursor de los modelos temestres de com-
plejidad intermedia, porque aungue es mucho mds simple que
un modelo de circulacion general (MCG), captura muchos as-
pecios de un MOG completo (MoGulfie v Henderson-Sellers,
2001 ). El articulo original del Modelo Adem fue publicado en
Tellus en 1962, pero Julidn Adem contribuyd en muchas oca-
siones en G solo o con sus estudiantes y colaboradores, uti-
lizando versiones mejoradas del Modelo Adem parn predecir
el clima del Hemisferio Norte en diversas escalas de tiempo.
Para esta monografia seleccioné uno de esos articulos por su
relevancia actual en la investigacién del calentamiento global
¥ cambio chimatico: “Efecios de retroalimentaciin del calenta-
miento inducido por el CO, atmosférico™ {Adem y Gandufio,
1 9oy

También seleccloné varios ariculos de tres mimeros de
Gl que fueron dedicados a temas especiales de gran signifi-
cancia para Iy investigacidn mmosférica v para México: (i)
Huracanes ¥ meteorologia tropical (Vol, 3-4, 1963, 1964), (ii)
Efectos stmosféricos de la erupcién del Voledn Chichdn en
1982 (VWaol. 23 (2-3), 1984) v (i) Los efectos del Bl Nifio en
México (Yol 42 (1), 2003).

Los cuatro articubos del primer grupo son pane de las
Memorias de la [l Conferencin sobre Huracanes v Meteo-
rofogia Tropical que fueron publicados en dos volimenes ex-
cebentes de GF (1964 v 1965). Los dnicos dos mexicanos que
publicaron cn estas memarias fueron Julidn Adem (1964) v
Pedro Mosifio (1964). Este dltimo presentd una de las prim-
eras clasificaciones exhaustivas sobee los “Patrones de Aujo
superficial y de altura en México.” Esta clasificacitn subjetiva
de los patrones sindplicos fue producida usando compuoes-
o diarios de canas observadas de superficie v de 700 v 500
mb ¢n una época en que los datos en malls no cran comunes.
Muches de los patrones sindpticos descritos en el articulo son
todavia vélidos v tiles.

Herben Riehl { 1963), considerado ¢l padre de la meleo-
rodogia tropical (Gray, 1998), dio la pldtica inaugural en k con-
ferencia con el lema aspectos estacionarios de la circulacidn
general tropical, Jules G. Charney, uno de los grandes funda-
dores de ln meteorologis dindmica moderna, también estuvo
en la conferencia de la Cindad de México. Charney did dos
pliticas en ln conferencia, una de ellas con Amit Eliassen sobne
“El crecimientio de la depresidn de un huracin: Un resumen.”
En esta presentacidn ellos invocan el concepto de inestabilidad
condicional de segunda clase (CISK, por sus siglas en inglés)
basado en la teorfa de inestabilidad lineal. “En la depresidn
tropical el movimiento ascendente s organiza de tal forma que
bas climulos de nubes no compiten, pero cooperan parm man-
tener la encrgia del sistema de gran escala: las celdas de cdmu-
los proveen la energia calorifica que le da vida a la depresicon,
¥ @ su vez |a depresién produce la convergencia de humedad
de hajos niveles que entra a las celdas de cimulos” (Chamey
v Eliassen, [964),

En ot plitics. Ooyama ( 1964) independientiemente pre-
sentd un “Modelo dindmico para el estudio del desarmollo de un
ciclin tropical.” Usando un modelo de un cicldn de dos capas,
Orvama planted la hipdiesis de guee la produccion total de calor
en una columna vertical de una nube convectiva era proporcio-
nal al suministro del vapor de agua hacia dentro de la columna
por la convergencia de gran escala en la capa mads baja de ln
atmdsfera. Esta hipdtesis es similar a ln propuesta por Char-
ney ¥ Eliassen (1964), pero Ooyama reconocid explicitamente
el Aujo de masa de a nube mediante |3 representacidn de los
efectos de calentamicnio por las nubes convectivas introduci-
endo un pardmetro de mexcla (enfrainmment) 1. Afios mis tarde,
Choyama (1965) desarrollaria la primern simulacidn numérica
exilosa de ciclones tropicales usando la parametrizacion de
clmulos ajustada de Kuo (1963).

Curiosamente en ¢sta confercncia también estuvo Kuo,
quien presentd una primera versidn de lo que llegaria a ser su
esquema de parametrimcidn de cdmulos en la plitica “For-
muciin e intensificacidn de ciclones tropicales por conveccidn
profunda de cimulos.” Kuo (1964) propuso que ¢l movimien-
1o & escala de cicldn recibe calor ¥ humedad de los celdas de
clmules v su medio ambienie.
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En la siguienie década, en 1973, Vol 13 (2) de GF, Diet-
er Klaus publicd un anticulo sobre las “Invasiones de aire frio
en los trdpicos a solavento de las Montafias Rocallosas,” Esie
articulo describe los patrones sindpticos asociados a diferentes
tipos de frentes frios o Moes que afectan la Repdblica Mexi-
cana v mucsra la fmecuencia de los patrones desde 1899 hasin
1%60). Los patrones que encuemra Klaus son consisientes con
trabajos mucho mds recientes como el de Schultz ef al, (1998).

El Dr. Ernesto Jiuregui es un climatdlogo mexicano
conocido intemacionalmente por sus contribuciones a los
estudios del clima urbano v, en particular, por sus estudios
del clima de la Ciudad de México, En G, Juregui ha contri-
baidsr con algunaos affculos sobre clima urbano v sobre odnos
temas como climatologia sindptica ¥ cambio climitico. Para
este monografin, selecciond un artfculo que es representativo
de su trabajo sobre ¢l clima urbano de la Ciudad de México:
“Warinciones de largo plozo de la visibilidod en la Ciodad de
México™ (Vol. 22 (3), 1983).

Los “Efectos atmosféricos de la erupcidn del Voledn
Chichdn en 19827 fueron ripidamente documentados en 42
ariculos que se publicaron en dos mimeros especiales de GF
Vol 23 (2-3), 1984}, cuvos editores invitados fueron Golindo,
Hofmann ¥ MeCommick. Los artfeulos fueron el resultado de
un simposio en o Asamblea General XV de In Unidn In-
ternacional de Geodesia ¥ Geofisica que s¢ llevd a cabo en
Hamburgo en 1983, Por su inyeccidn de materiales cn [a estra-
iosfera, la erupcian del Chichiin es la segunda mas grande del
Sigho XX, después de la de Monte Finatubo en 1991 Ademuis,
El Chichdin ocurrid cuando se estaba formando uno de los dos
evenios de Bl Nifdo mds inlensos del siglo XX, ¢l de 1982-
1983; la nube volcdnica opacd la stmdsfera v 1os sensores de
los satélites no registraron a tempo el Nifio gue se estaba for-
mando. Para esta monograffa, escogl el articulo de Galindo ef
al: “Impacio atmosférico de las erupciones volednicas de El
Chichin ¢n México™ por analizar ¢] impacio de este evento en
el clima superficial de México.

El mimers 42 {3), 2003 de GF se dedicd a los “Efec-
tos de El Nifio en México.” Este nimers fue una iniciativa
de Badan ¥ otros, como resuliado de bos impacios sin prec-
edentes asociados al evento de El Nifio 19697-1998. Con el
apoyo del CONACYT ¢ llevaron a cabo un gran ndmero de
estudios parn analizar ¥ documentar Ins relaciones causales de
los posibles impactos de este evento en diferentes sectores del
pais. Fl resuliado fueron 27 artfculos sobre las leoras aclu-
ales de El Nifio, teleconexiones, mecanismos ¢ impactos en el
clima terrestre, océano, ecosisicmas mannos ¥ lermestres, veg-
etacidn, procesos costeros ¥ en la vulnerabilidad urbana, En
particular, seleccioné el articulo de Antoine Bodon “Los efiec-
tos de El Mifio en México: Una encuesta” que hace una breve

descripcidn de todos los articulos de este ndmers, Tambidn
escogl el articulo de Wictor Magafia y eolaboradores sobre ¢l
“Impacto de El Nifio en la precipitacion en México™, por su
rebevante discusidn sobre bos diferenics mecanismos {entre
ellos El Nifio) asociados con la predictibilidad del clima en
México. Magafia er af,, al igual que algunos awores de este
Aumero, muestrn que bemos avanzado en el conocimiento v
prediceidn de El Nifio, pero también dejan ver que adn nos fal-
ta mucho por entender para poder predecir sdecuadamente el
clima de México v mdis adn, para entender los ricagos asocia-
dos 4 eventos hidrometeoroligicos v climdticos ¥ sus posibles
impactos en lo sociedad v en los ecosistemas.
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Surface weather and upper-air flow patterns in Mexico

PA, Mosifio
dnstivate de Geofision, UNAM

INTRODUCCION

Las condiciones del tiempo en México y las configura-
ciones del lujo adreo superior concurrentes han sido objeto de
gran discusidn en ¢l pasado, principalmente por falta de infor-
macidn sobre la atmdsfera superior del lerrilorio mexicano,
5in embargo, en los ditimos afios una continua meporia de la
red de observacion de la atmdsfera superior hizo posible el
disefio de caras de la atmdsfera supertor sobre México.

Cartas de la superficie ¥ atmdslers superior que cubren
los EE.UL. México, Centroamérica v aguas adyacenles, son
analizadas continuamente en la Oficina Central Meteoroldgi-
cn de Radio Asrondutica (RAMEA) en la ciudad de México
desde su fundacidn en 1951, Estas cantas incluyen, ademnds de
capas del tiempo en la superficie, canas de los niveles de pre-
sidim 850, TO0, 500, 400 mb.

Aundquc en ¢l Servicio Meteoroldgico Mexicano s¢ han
trazado durante mucho tiempo canas de la superficie v por
menos tempo cartas del aire superor, no estuvieron dichas
cartas a disposicidn del autor, quien por 1o @nto luvo gue ate-
nerse a lis bien analizadas cartas que la RAMSA omablemente
le proporciond durante el perfodo relativamente coro de 1951
4 1954 inclusive. Las cartas usadas fucron: mapas del tiempo
diario de la superficie para 1200 y 2400 TGM, canas diarias
e TO0 v 500 mb para 0300 v 1500 TGM,

LOS DATOS

A-Las cartas de la superficie. L.os mapas del tiempo en
la superficic trazados en varios centros de pronosticacidn en
México no son apropiados para o estudio de configuraciones
de flujo actual en este pads, debido a la wpografia que en gran
medida hace bos andlisis del tiempo al nivel del mar de poca
utilidad. Si consideramos que un 60¢% de México estd sobre
100K metros, enlendemos por gue no son representativas las
isoharas 4l nivel del mar en territorio mexicano (ver Fig. 1).

Primero, las lectoras baroméricas en estaciones sobre
los 100 metros no pueden reducinse exactamente al nivel del
mar ¥ segundo, las “isobarus al nivel del mar™ que resultan
de estas reducciones no son represcitativas del flujo aéreo a
ningtin nivel (Beckwith, W. B.. 1946). Sin embargo, ln inclu-
sidin de configuraciones isobdricas de superficie en este trabajo
s ha considerndo necesaria para establecer un lazo de unidn

INTRODUCTION

The weather conditions in Mexico and their related free
air flow patterns have been a matter of considerable conjec-
ture in the past due mainly to lack, of upper air data for the
Mexican region. However, in the last few years, continnous
improvement of the upper-air observing network has made
possible the drawing of fairly relisble upper air chans over
Mexico.

Surface and upper air chams covering the United
States, Mexico, Central America and adjacent waters are ana-
lyzed currently at the Main Meteorological Office of Radio
Acrondutica Mexicana, 5. A. (RAMSA) in Mexico City since
its foundation in 1951, These charts include, besides the sur-

face weather maps. charts of the 850, 700, 500, 400 and 300
mb pressure levels,

Although surface charts have been drawn at the Mexi-
can Meteorological Service for a long pericd, and upper air
charts for a shorter period of years, these were not readily
available 1o the author. He had therefore 1 rely upon the well
analyzed charts which RAMSA kindly made available to him
for the relatively shorter period from 1951 10 1954 inclusive.
The charts used were: daily surface weather maps of 1200 and
2400 GMT; daily 700 and 500 mb charts for 0300 and 1500
GMT.

THE DATA

A-The surface chains. The surface weather maps
drawn at several forecasting centers in Mexico are not suitable
for the stedy of sctual flow patterns in this country, because
of topography which 10 a large extent renders the sea-level
weather analysis of lile use, IF we consider that aboat 605 of
Mexico lies above 1000 meters, we realize the reason for the
nof-representativeness of the sea level isobars over the Mexi-
can land ares (see Fig. 1),

Firstly, pressure reading from stations above 1000 me-
ters cannot be accurately reduced 1o sea level and, secondly,
the “sea bevel isobars™ resulting from these reductions are not
representative of the air flow at any level whatsoever (Beck-
with, W', B, 1946). Nevertheless, the inelusion of surface iso-
basic patterns in this paper has been considered necessary in
order o establish a link between the well-kaown sea-level as-
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Fig. 1.-Mapa del relieve de Méxioo,

entre los aspectos bien conocidos del tempo al nivel del mar
v los de altura,

Existen varns descripciones de configuraciones, por
ejemplo las de Elpidie Lapez (1922), Emesto Domingues
(19310 v obros, que don una buena idea de 1o sindptica al nivel
del mar en Méxicn.

B-Las cartas de la atmdsfera superior, El estudio de
tas configuraciones del Mujo come se representan en las cinas
de la atmdstera superior son de considerable ¥ mayor impor-
tancia para explicar el tiempo en México, particularmente so-
bre el drea de la Altiplanicie donde los magas de Ia superficie
soq de valor dudoso,

Por lo tanto, en este trabajo se puso mayor atencion a
las cartas de TOO0 v 300 mb que a la carta de la superficie, va
que desde los dltimos afos las primeras se han enrigquecido
considerablemente por la inclusidn de nuevos globos piloto
¥ estaciones de radio-sonda que operan actualmente (1963)
en este pais, La Fig, 2 indica la ubicacion de tales euaciones,

La cara de 700 mby, aungue iene que ver con una cipa
mais cerca de la superficie gue la de 500 mb v por lo lanto,
mucho mis sujeta a la influencia de Mrocidn de pices de s
altas montaftas, va mucstra patrones definidos de Mujo sobre

. 1 = onbssir map ol Mexico.

pects of the weather of Mexico and those aloft.

Several descriptions of patterns exist, for instance thoss
by Elpidio Lopez ( 1922), Emesto Domingues (19313, and oth-
ers which give a good iden of sea-level symopsis of Mexico.

B-The upper-air charis, O considersble greater im-
portance in exploning the weather of Mexico, particularly
over the platean area where the surface maps are of a doubiful
value, is the study of the Aow paiterns as depicted by the up-
per air charts,

Thus, in this paper more attention has been given 1o 700
and 5 mb charts than the surface chan, since during the ks
few years the former have been considerably enriched by the
inclusion of new pilod balloon and radio sonde data. Fig. 2
shows the focation of pilod balloon and radic-sonde stations
operating al present | 19631 in this country.

The 700 mb chart, slthough desling with a layer ncarer
b the surfwoe than the 300 mb, and therefore. much mone sub-
ject wo the infleence of friction from the high mountain peaks,
shows already definiie patierns of fow over Mexioo. The 500
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Fig- 2.-Libicacitn de bos observatorios de la atmdsfern superior en
México,

México. La carta de 500 mb incluye gencralmente menos
observaciones de viemo, pero donde hay suficienes datos de
radio-sonda, indica patrones de Aujo bastante conflables sohre

México. En este pafs las observaciones de radio-sonda solo se
hacen wni vez ol dim, & las 0300 TGM,

CLASIFICACION Y FRECUENCIA DE
CONFIGURACIONES DE FLUJO

La clasificacion de configuraciones del Mujo de la at-
midsfera superior e isobdricas en superficie que siguen esti ba-
sada principalmente en la experiencia del autor en prondstico
pawra el drea, durante los dltimos 9 afios. Esta experiencia pue-
de operar en dos maneras: por un lado, el awtor puede estar
tentado a “probar sus propios puntos de vista™ y por otro lado,
una clasificacion de tipo climdtica para el drea de México se
pucde basar solamente en una experiencia de al clae,

A-Clasificacidn de cartas de superficie. Las configura-
ciones jsobdiricas de la superficie que aparecen generalmente
en ¢l mapa regular del tiempo se han dividido en tres calego-
fias principales, a saber: a) Simaciones Cicldnicas: b) Siua-
ciones Anticichinicas, y ¢) Situaciones “Mories”, Esta sencilla

Fig. 1.-Location of the upper-air and mdio sande stations in
Mexhco.

mb chart generally includes less wind observations, but when-
ever there are enough mdio-sonde data it gives fairly reliable
flow patierns over Mexico. In this country radio-sonde obser-
vations are made only once a day, at 0300 GMT.

CLASSIFICATION AND FREQUENCY OF FLOW
PATTERNS

The classification of surface isobaric and upper-air flow
patlerns that follows is based mainly on the experience of the
authar in forecasting for the area during the last 9 years. This
EXPETiENCe may operate in two ways: on the one hand, the au-
thor may be templed “to prove his own views™ on the other
hand, a weather type classification for the Mexican area can
only be hased on experience of this kind.

A-Classification of surface charts. The surface isobar-
b patterns currently shown in the regular weather map have
been divided into three main categories, namely: (a) Cyclon-
te Siwations; (b) Anticyclonic Situations, and (c) “Northern
Situations™. This simple classification follows the outline of
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clasificacion sigue el patrdn de clasificaciones previas en los
trabajos mencionados v se da aqui sélo como conexidn con la
hien conocida clasificacidn isobdrica al nivel del mar,

Tuvimes gran dificultad en seleccionar los patrones que
por experiencia se saben que existen y en rechazar bos que son
producto de una reduceidn arificial de presidn al nivel del mar
sobre In aluplanicia,

En realidad, la canta de la superficic no muestra Las ca-
racteristicas de tales periurbaciones tipicas pues por evidencia
aeroligica se sabe que las ondas del este cruzan el pais durante
la estacikin de Nuvias, Las ondas del este llegan a la Altiplami-
cie Mexicana desde el Mar Caribe, pero mucho antes de que
entren en el Golfe de México se hacen muy dificiles de ser
localizadas en las caras de superficie sin avuda de las cartas
de la atmddsfera superior, La razdn s emente la defle-
xidn de los corrientes de aire por el macizo de la Aluiplanicie,
que modifica la forma de las isobaras a niveles muis bajos. Sodo
ondas que son suficientemente profundas para seér evidentes
i 700 mb o mas alto, hacen senlir sy presencia sobre la Alli-
planicie ¥ aln entonces las cartas de superficie no muesiran
distintamente su progresidn occidental sobre esta parte del
pais. debido a los errores introducidos por la reduceitn de pre-
sidn al mivel del mar,

El efecto de la reduccidn de presidn al nivel del mar se
manificsta en las cartas de la superficie como una débil baja
sobre la Altiplanicie Mexicana, Esta drea de baja presidn, que
adopa la forma de un trifingulo istsceles con su base angosta
sobre el suroeste de los Estados Unidos, es una caracteristica
casi permanente del campo isobdrico de superficic en esta par-
te del pais. Esta baja presidn sobre la Altiplanicie solo desa-
parece en ocasiones, generalmente cuando ¢s borrada por una
célula anticichdnica sobre el Golfo de México.

Por ello, en general, bos tipos de superficie 22 han escogi-
do sin tener en cuenta las isobaras al nivel del mar sobre 1a Alo-
planicie. Esio ha hecho necesario seleccionar configuraciones
isohdricas con caracteristicas pringipales centradas fuera del
terreno alto, Las pocas excepeiones de esta regla se indicardn
despuds. LasFigs. 3- 1 Zmuestranlosti posde superficieisobdrica.

I-Situaciones ciclinicas

Tipo 1. “Depresitn superficial sobre la Altiplanicie
Mexicana™ (ver Fig. 3), Aungue ¢s similar a la depresicn su-
perficial que resultn de la reduccidn de presicn al nivel del
mar camp se describe arriba, este tipo puede distinguirse del
anterior por su forma eliptica con ¢je mayor onentado de NE
a SW v existencia simulidinea de una depresicn cerrada a 700
mb sobre ¢l drea.

Tipo 2. El drea de haja presidn sobre el NE de México y
Texas (Fig. 4), puede o no tener una onda frontal.

previous classifications in the papers mentioned above, and
is given here merely in onder to link up with the well known
isobaric pattems at sea level,

We find considerable difficulty here in selecting those
patierns which are known by experience 1o exist and in reject-
ing those which are product of the artificial reduction of pres-
sure to sea level over the platean area.

As o matier of fact, the surface chanl does mol show the
Features ol such typical disturbances as the easterdy waves that
from aerological evidence are known bo cross the country dur-
ing the rainy season. The easterly waves approach the Mexican
platesy from the Coribbean Sea, but long before they enter the
Gulf of Mexico, they become very hard to locate in the surface
charts without the help of the upper air charts. The reason for
this is probably the deflection of the air currents by the plateau
massif which in this way modifies the shape of the isobars at
lower levels. Only waves which are deep enough 1o be evident
at 700 mb or higher make their presence felt over the plateau,
and even then the surface chart does nod show distinctly their
westerly progression over this pgan of the coumry because of
the errors introduced by the reduction of pressure 1o sea level,

The effect of the reduction of pressure to sen level
shows up In the surface charts in the shape of a weak low over
the Mexican plateau, This low pressure arei, which adops the
shape of an isosceles triangle with its narrow base over the
southwestern United States, is an almost permanent Feature of
the surface isobaric field in this part of the country. Only oc-
casionally this low over the plateau disappears; usually when
it is overcome by an anticyclonic cell over the Gulf of Mexico.

Thus, in general, the surface types have been chosen
disregarcling the sea bevel isobars over the plaican. This has
peade it pecessary 1o select isoharic patterns with main fea-
tures centered outside the high wermin, The few exceptions 1o
this rule will be pointed out below, Figs. 3-12 show the surface
isobaric types.

I-Cyelonie situations

Type L “Surface low over the Mexican plateau” [(see
Fig. 3. Although similar to the surface low resulting from the
reduction of pressure readings 10 sea level as described above,
this type can be distinguished from the former by its elliptic
shape with the major axis orented from NE (o 5W and from
the simultaneous oocurrence of & closed low ot T00 mb over
the area.

Tvpe 2. Low pressure arca over northeastern Mexico
wd Texas (Fig. 4). This may have a frontal wave in il of Aol
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Fig. 3.-Tipo |. Depresidm superficial sobre |a Altiplanicie. Fig. 4-Tipo 2. Depresicin sobre ol NE de México. Puede alojor o no
Fig. 3.-Type |. Surface low over the Plateaw, una onda frontsl incipiente,

Fig. 4.-Type 2. Low over the NE part of Mexieo. It may or may ot
contain a young fronlal wave.
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Tipo 3. Arca de baja presicn sobre el Golfo de México
iFig. 5). Esto puede mostrar una onda frontal o corresponder
& un cicldn tropical).

Tpo 4. Depresion “superficial” sobre la altiplanicie
oeste de los Estados Unidos (Fig. 6], Este tipo ex la bien cono-
cida bajo del suroeste, citada en centros de previsidn v litera-
tura meteorcldgica de los Estados Unidos),

Tipo 5. “Vaguada de sotavento de la montafia™ al E de
In Sierra Madre Oriental, extendiéndose sobse el sur del Golfo
de México (Fig. 7).

Fig. 5.-Tipe 3. Area depresionaria scbee el Golfo de Méxieo,
Puede tener una onila frontal en inviemo o camesponder a una
depresidn tropical en Vernno,

Fg. 5-Type 3. Low pressune area over Lhe Gull of Mexico, It
may have a frontal wave in winter or belong 1o a tropical depression
im summer.

1i-Sitwaciones anticiclonicas

Tipo 6. Celda anticiclémica centrmda sobre el nore del
Golfo de México separada del anticichdn Bermuda-Azones
POr und vaguada mayor,

Tipo 7. Anticicldn sobre ¢l cste de los Estados Unidos
20N UAA SreSHn que sé extiende hacia ¢l suroeste &8 México
(Fig. 9.

Type 3. Low pressure area over the Gulf of Mexico (Fig.
). This may show a frontal wave in it or may correspond Lo a
tropice] cyclone,

Type 4. “Surface”™ low over the western plateau of the
Ulnited Stakes (Fig. 6. This type is the well known soulhwest-
em low quoted at forecasting centers and in meteorological
literature of the United States.

Type 5. "Lee of the Mountain rough™ E of the Sierm
Madre Oriental, extending over the southern Gulf of Mexico
(Fig. 7).

Fig. &6.-Tipo 4. Depresida superficial sobee el oeste de EE. UL,
(depresidn del sumpesie),
Fig. 6.-Type 4. Surface low over the western U 5. (southweaem
b

11-Anticyclonic situations

Type 6. Anticyclonic cell centered over the northern
Gulf of Mexico separated from the Bermuda- Azores anticy-
chone by a major trough (Fig. 8).

Type 7. Anticyclone over the castern United States with
a ridge extending southwestward over Mexico (Fig. 91
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Fig. 7.~Tipo 5. “Vaguada de Sotavenlo de Montafia™, al este de las Fig. 8.-Tipo &. Celda anticicldnica con cenilrs sobre el nore del
Montafias Rocoses y de la Siermn Madre Oriental, Giolfo de Mifxico, separada de la alta de Bermuda-Azores por una
Fig. 7.-Type 5. Lee of the Mountsin Trough™ enst of the Rocky vaguada extendida dz M a 5.
Muountain and the Sierma Madne Oriental. Fig. 8.-Type 6. Anticyelonic cell ceniered over the northe m Gulf
of Mexico, separaied from the Bermuda-Azores High by a N-5
extended rough,

Fig. 9.-Cuils sobre ¢l este de EE. ULL que puede ser la proveccidn Fig: 10,-Tipo B. Bl frente frdo gue forma el borde de 1a masa
occidental del anticicldn de Bermudas-Azores o México, de uire polar avania hacia el sur y ha pasado por Montemey pero
g, 9-Type 7. Wedge over the Eastern U, 5, which may be the e ha llegade a Veracruz,
western projection of the Bermiuda-Azoees anticvelone inte Mexios, Fig. 10.-Type 8. The cold from that constitutes the edpe of the
cold air mass is advancing southward past Monterrey hist ned past
Werscruz yel



Fig. 11.-Tipo 9. Lo mismo que el lipo & excepta que el frenle ha

pasado Verscraz v avanza hacin el sureste sobre |a Peninsuln de Y-

catiin. Una “Vaguada de Sotavento de Momafia" aparece all este de
lns Montafias Rocosas,

Fg. 11.-Type % The same as type B except thad the fromt is past Ve-

racriz and is advancing soulbeastwand over the Yecatnn Peninsula. A

“Lee of the Mountain trough™ is apparent cast of the Rocky Maountains.

I-Sitnaciones de *norte”

Estos son los conocidos “Nores™ asociados con una
entrada violenta de aire polar continental sobre ¢l Golfo de
Mixico,

Tipo 8. Frente frio que avania hacia el sur por la costa
norte del Golfo de México, pasando por Monterrey, pero no
por Verwruz y orentado de NE o 3W a través del Gollo de
Mexico (Fig. 10).

Tipo 9, lgual al tipo 8, pero el frente ha pasado Vern-
cruz y avanzs por el sureste sobne [a Peninsula de Yocatin, EI
drea de ala presidn que sigue al frente frio estd centrada sobre
los Estados del Golfo en Estados Unidos, insinudndose una
“vaguada de sotavento de las montafias”™ al E de los Montadias
Rocosas en los Estados Unidos (Fig. 11,

Tipo 10, Similar al 9, pero ¢l frente frio ha dejado [
Peninsula de Yucatin y se encuenira a través de Cuba: una
drea enorme de altn presion atnis del frente frio se halla cen-
trada sobre el Medio Ooeste de bos Estados Unidos o algo mis
lejos hacia el W cerca de las Montafias Rocosas (Fig. 12).

B-Frecoencia de los tipos de superficie. En la Tabla
1 s dan frecuencias mensuales y frecuencias porcentuales
mensuales de los tipos de superficie arriba mencionados. Sin
embargo, s¢ han puesto ¢n forma grifica para su discusion
{Fig. 13). La caracteristica mads saliente de esta grifica ¢s la
predominancio del tpo § durante todo el afio excepto en los
meses de Verano. Tiene un minimo secundario en [avierno.

[
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Fag. 12.-Tipo 10, Similar 5 los tipos 8 v %, pero el frente abandona

Yucalin ¥ straviesa Cuba. La alta derrés del frenne frio tiene su ceniro

sohre La porcidn del medio ceste de los EE. UL o un poco al pewe
sofwe lns Montafias Rocosas.

Fig. 12.-Type 1. Similar to Type' Band 9, but the from is pasl Yucalan

and i across Cuba_The High behind the cold front is cenbered over the

mlddle westofthe 1.5, orslightl y westwardoverthe Bocky Mountains.

I-“Morthern™ situations

These are the familiar *Monhern™ associated with oat-
breaks of Polar Continental air over the Gulf of Mexico.

Type B. Cold front advancing southwards along the
northern Gulfl coast of Mexico, past Monterrey, but not
through Yeracrue, onented from NE 1o 8W across the Gulf of
Mexico (Fig. 1004,

Type 9. The same as type &, bul the fronl has passed
Veracruz and is advancing southeastwards over the Yucatan
Peninsula, The high pressure area following the cold front is
centered over the Guli’ Siates of the United States, o “lee-of-
the-mountain trough” being apparent E of the Bocky Moun-
tains in the United States (Fig. 11}

Type 10, Similar o type 9. but the ¢old front has left the
Yucatan Peninsula and s located across Cuba, an enormous
high pressure anca behind the cold front being centered over
the Middle West of the United States or a little farther W near
the Bocky Mountains (Fig. 12).

B-Frequency of surface types. In Table 1, the momb-
ly frequencies and the percentage monthly frequencies of
the Surface Types mentioned above are given. For discus-
gion, however, they have been shown in graphical form
{Fig. 13). The most outstanding feature of this graph is the
predominance of type 5 throughout the year except for
the Summer months. It has a secondary minimum in Win-
ter, The maximum frequency of this type occurs around
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13.-Frecuencia porceniual de lipos superficiales.

La frecuencia mixima de este tipo tiene lugar en Abril, con
un maximo secundario én Noviembre. La pequefia punta en
Agosto no debe pasarse por alto, ya que més afios de datos
pueden mostrar que es importante.

Despuds de trazar esta grifica, parecid al amlor gue este
tipo debid haber sido dividido en varios sub-tipos, El tipo 5
correspomde 0 una vaguada de sotavento de la montaia al E
de la Sierrn Madre Oriental que s2 extiende al sur del Golfo
de México, lo que aparemtemente da un flujo de sire marcada-

Fig. 13.-Percentage frequency of surface 1ypes.

April, with a secondary maximum in Movember, The small
peak in August seems large enough not to he disregard-
ed, as more years of data may show that it is imponant.

After drawing this graph, it seemed 10 the author that
this type should have been split into further sub-types, Type §
comesponds to a “lee-of-the-mountain”™ trough E of the Sierm
Mudre Oriental, extendling sowthwards into the southern Gulf
of Mexico, which apparently gives a markedly divergent flow
of air from SE 10 NW over the Gulf of Mexico and the Mexi-
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mente divergente de SE a N'W sobre el Golfio de México v las
Hanuras costeras de México, Debido al crecients gradiente de
presion hacia el norte a lo largo de esta vaguada que contrar-
resta el efecto del camhio latinedinal del pardmetro de corolis
¥ aque el Aujo aéreo cs paralelo a las principales cadenas de
montaias, se puede esperar que esle Hpo ocasione una consid-
erable subsidencia del aire sobre las llanuras costeras.

%
e

Fig. 14 ~Tipo A. Baja frfa sobse el NW de Miéxico abarcando la
porcidin norte de la Altiplanicie,
Fig. 14.-Type A. Cold low over the NW of Mexico including pan
of the porilemn Plateau,

Fg. 16-Tiypo C. Vaguada alargada a través del Golfo de México
formando una onda del Este sobre su porcidn sur.
Fig. 16.-Type C. Extended rough across the Guli of Mexico giving
rise 1o an Easterly wave over its southem ponkon

can coastal plains. Because of the increasing pressure gradient
northward along this trough which counterbalances the effect
of the latimdinal change of the coriolis parameter, and becuuce
air fiow s parallel 1o the main mountain menges, this ype may
be expecied to account for considerable subsidence of the air
ovier the coastal plains,

Fig. 15.-Tipo B. Sobre la Aliiplanicie Mexicana con vagusda
oblicua débil sabre el MW de Méxion,

Fig. 13,-Type B, Over the Mexican Platenn with a wealk slant
trevagh cwer the NW of Mexico,
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Fag. 17-Tipa 1. Onda del eate separnda de o vaguadn de in Fig. 16
y quee avanza hacia el oeste entre Verscrie v Gundalojarn
F'E-- 17 -T_1_,|,1¢ [, Easterdy wave thal has separaled Tnom ke trodlgh
in Fig. 16, and bs advancing westwand between Verncrus and Cius-
dalajara.




Los meses de Verano se distinguen por prevalecer los
lipos 6 ¥ 7, que son lipos anticiclonicos asociados a la apari-
ciim de los vientos alisios sobre el drea v lienen trayectorias
de aire burdamente perpendiculares a las principales cordille-
ras. Estdn, por lo @nto, concctados con un ascenso orogrifico
del aire himedo ¢ inestable, particularmente sobre la Sierm
Mudre Oriental.

S

Fig. 13.~Tipo E. Onda del oeste que ha avanzsdo basta los Estados
del NW de Ia Repiblica Meticana,
Fig. |8~ Type E, Easerly wave that has sdvanced o the N'W
states of the Mesican Republic,

Fig. 20.-Tipo G, Vagusds mavor de M a S sobre of NW de México,
com flujs sened al 5W sobre In Aliplanicie.
Fig. 20-Type . N-5 Major irough over N'W of Mexkoo with
SW flow owver the Mateau

1 Surfoce weather and upper-air Now patterns in Mexico

The Summer months are marked by a prevalence of
Iypes 6 and 7, these are anticyclonic vpes associated with the
appearance of the trades over the area and have air trajectories
roughly perpendicular to the principal mountain ranges. They
are, therefore, connected with orographic lifting of mokst, un-
stable air, particularly over the Sierra Madre Oriental,

L]

Fig. 19.-Tipo F. Flajo adreo anticicldnico sobre México, Puede
mastrar o no Hgeras ombulaciones en su periferia de duraciin
efimera que viaja con el viemo,

Fig. 19-Type F. Anticyclonic type of flow over Mexico, It may or
may wol show slight ondulations along is perphery of short dura-
teon that travel with the wind.

Fig. 21 -Tipo H. Vaguada mayor de N a 5 sobre ¢l norte de la
Altiplanicie,
Fig. 21 -Type H. N-5 major trough over the northern Plateai,
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Las situaciones de “Nome", como s& muestra en [os cur-
vas de los tipos 8, 9 v 10, son la regla en los meses de in vis
erno ¥ en los cambios de estacidn. Sin embargo, en primave-ra
€308 lipos ocasionan ¢l tpo 4, una depresion en ¢l suroesie
sobre los Estados colindantes de la altiplanicie ocste de los
Estados Unidos. Las curvas de los tipos 8 v 9 van casi para-
lelos una a ofra, pero se scparan durante el Otofko. Las dos
prevalecen sobre ¢l po 4 durante csa estaciin,

Fig. 22.-Tipo 1. Vagusds mayor de Na 5 sobre o porcidn occidental
el Golfo e México.
Fig. 22.Type [. N-5 major troaigh over the westera parl of the Gull
of Mexico.
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Fig. 24.-Tipo K. Antickcldn o cresin anlicicldnaca sobre la Alopla-
nicie Mexicana,
Fig. 24.-Type K. Wedge of anticyclomc circalation over the Mexi-
can Plateaw.

“Northern™ situations as shown by the curves of types
B0 and 10, are the mule in the winter months and during the
transition seasons, However, in Spring these Iypes give way
o type 4, a southwestern low over the bordering states of the
western plateaw of the United States. The curves of types 8
and 9 run almaost parallel to each other, but separate during the
Fall, Both prevail over type <4 during this scason.

Fig. 23.~Tipo J. Circulacion csclémica cerrada sobre el ocste del
Giolfo da Méxion.
Fig. 23.-Type 1. Closed cyclonic circulation over the western Giulf
of Mexico

Fig. 25.-Tipa L. Anticicldn con centro en o Golfo de México que,
Juinte con uns baja fria foern de lo costa sccidental de Mésico
origina [fujo de aine hacia el sur sobre la Aliplancie.

Fig. 25.-Type L. Anticvelone centered aver the Giall of Mexico
that together with a cold low off the west coast ol Mexioo gives
southerly flow of alr over the Plateau.



Las situaciones de “None™, como es bien sabido, estan
asociados con fueres vientos de superflcie sobre odo el Golfio
de México. Poeden alcanzar ln fuerza de huractin desde Vera-
cruz ¥ hacia el sur al Paso de Tehuantepes. Aungie & pensd
una vez que estarfan conectados con una depresidn superficial
en el sur del Golfo de México, se ho sugerido qoe los efec-
tos dhe represamiento y desviacida de la parte alta de la Sierra
Madre Oriental sobre el aire polar continental relativamente

l Surface wemther and upper-air low patterns im Mexico

The "Monhern™ silustions, as is well known, are associ-
ated with strong surface winds over the emtire Gull of Mexico,
These may reach hurricane force from Veracruz southwards 1o
the Tehuantepee Pass. Although they were once thought 1o be
connected with a surface low in the southern Gulf of Mexico,
it has been suggested that the deflecting and damming effects
of the high Sierra Madre Oriental upon the relatively shallow
Polar Continental air is responsible for these winds, This cold,

153

Fig. 26.-Tipa M. Vaguada oblicua sobre |a parte noroeste del pais
con flupe def SW sobre b Aliiplanicie.

Fig- 27.-Tipo M. Vaguads chlicun sobee o mesa del MNorte dando
vienios del 5%W v W sobre |a mesa ceniral v vientos del NE sobre
In porcidn NW de México,

Fg. X7 <Type N, Slan trough over the nonhern platoau ares with
SV and W wiinids over the central Platean and ME winds over the
NW pordon aff Mexico,

13

Fig. 26.-Type M. Slant trough over the northwesiemn part of the
country with 5'W flow over the Plateay,

Fig. 3.-Tipo 0. Vaguada oblicua sohre Ia parte sur de la Aliiplanicie
can celda o cresta anticiclnica sobme la porcidn NW del pais,
Fig. 28.-Type 0. Skant trough over the southern platesu with an

antrcy<lomic ool or wedge over the NW pan of the country,
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Fig. ¥ -Frecuencia porcentual de tipos del este de flujo adreo
o TO0 mibs.

poco profunde son los responsables de estos vientos. Este
aire frio ¥ estable, cuando o5 sometido o la circulacidn antici-
clanica del drea de alta presidn detris del frente frio, pierde su
mormenio al epcontrar bos declives de la Siema Madre Coiental
v queda imposibilitado pary pasar sobre esta barrera siendo
absorbido enteramente por ¢l grodiente de presidn de nore 2
sur que ocasiona que sople a casi 90° a las isobams. Este aire
encwentra ung salida natral por el Paso de Tehuantepec.

El tipo 4, con su miximo a comienzos de la Primaver,
parece estar asociado con la bien conocida frecuencia mixima
de depresiones frins sobre ¢l sudoesic de los Estados Unidos
durante esta estacidn,

El tipo 10, una persisiente sitluacidn de “Nore”™, liene
una punta ¢n Enero ¥ una segunda punta en Noviembre. No
se cree que la tercera punta en Junio sea significativa, aungue
datos posteriores pudieran demostrar o contrrmo,

Las curvas para los tipos 2 v 3, que son ciclénicas sobre
el ME die México, Texas v el oeste del Golfo de Méxice, co-rmen
paralelas una a otra, exceplo por una predominancia del tpo 3

14

Fig. 29.-Percentage frequency of Easterly types of air flow
TN mibss.

siable air, when subjected o the anticyelonic circulation of
the high pressure area behind the cold front, loses its momen-
turm in meeting the eastemn slopes of the Sierra Madre Ormental
and, unable o pass over the mountain barrier, is over taken
entirely by the Norh-to-South-pressure gradient which causes
it 1o blow at almost goo to the isobars. This air finds & natural
outlet through the Tehuantepec Pass.

Tyvpe4, withitscardy spring maximum, seems o be associ-
ated with the well known frequency maximum of cold lowsover
the south-western United Siates during this season of the year,

Type 10, a persistent “Northern™ situation, ks a peak in
January and a secondary peak in November. The third peak in
June is not believed to be significant, though further data may
show the opposite,

The curves for tvpes 2 and 3. which are ¢vclonic over
NE Mexico, Texas and the western Gulf of Mexico, run Tairly
parallel toeach other, except for a predominance of type 3 dur-
ing the late summer months and carly Fall, which is believed o
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Fig. 30.-Frecuencia porcentual de tipos del oeste de Mujo adreo
a T00 mbs.

durante los dltimos meses del Verano y principios del Otofio, lo
cudl se cree asociado con ciclones tropicales sobre el Golfo de
México. El resto son periurbaciones de cardcter extra-tropical.

El tipo 1, el menos frecuente de todos, mueestra un ligero
aumento al comienzo de la Primavera junto con el tipo 4.

C-Clasificacion de cartas de la stmdsfern superior.
Aundue situsdo geogrdficamente en la franja tropical v sub-
tropical del Hemisferio Morte, entre los 14° v 33 lat N, una
gran porcidn de México y particularmente la Altiplanicie estd
sujeta estacionalmente lo mismo a vientos alisios que a oc-
cidentales, Este hecho, que es dificil de deducir por las cantas
isobiricas al nivel del mar, estd bien demostrado por las cartas
de ln mtmdsfera superior,

Durante gl Invierno la base de bos vientos occidentales
baja a la superficie sobre la Altiplanicie Mexicana, En Verano,
les vientos occidentales predominan en todo México. Las es-
taciones de trunsicidn son sefialadas por una base inclinada de
los vientos occidentales que intersecta la superficie en alguna
pane entre ¢l extremo sur y la pane nore de la Altiplanicie.
Asl, en ocasiones, ln Altiplanicie Mexicann es dominada, al
norte de ciera latited, por los eccidentales v al sur de esa lati-
tud. por los alisios,

]

Fig. 30.-Percentage frequency of Westerly types of air flow at
TOHD b,

be associated with tropical cyclones over the Gulf of Mexico.
The remainder are disturbances of an extr-tropical character.,

Type 1, the less frequent of all, shows slight increase in
early Spring, along with type 4,

C-Classification of upper-air charts. Although geo-
graphically located in the tropical and sub-tropical belts of the
Morthern Hemisphere, between the 11® and -Bo of latitede N,
a lurge portion of Mexico, particularly the plateau, is subjected
scasonally both 1o the Trades and to the Westerlies. This fact,
which is difficult o infer from the sea level isobaric charts, is
shown well by the upper-air chans.

During the Winter the base of the Westerlies come down
10 the surface over the Mexican Plateau. In Summer the decp
Easterlies prevail over all Mexico. The transition seasons
being marked by a sloping base of the Westerlics that imer-
sects the surface somewhere between the extreme southern
and northem most portions of the Plateau. Thus at times, the
Mexican Plateau is dominated, North of certain latitude, by
the Westerlies and to the South of this latilude, by the Trade
Winds,
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Fig. 31~ Frecuencia porcentsal de tipos del esie de flujo séreo
& 00 miks.

Peculianes a ambos, los alisios y los accidentales, son los
periodos en que estas comientes bdsicas: a) se alinean, siendo
sus movimientos principalmente de E a W, v b) se aflojan o
serpentean alrededor de su posicidn latitudinal media, Estos
son los llamados periodos de circulacidn de alio y bajo indice,
frecuentemente mencionados en la literatura meteoroligica de
las latitudes medias, Estos términos, sungue generalmente se
refieren a condiciones de circulacidn a través de una gama de
longitud muy grande, s¢ han interpretado localmente como:
1y una configuracidn casi recta del Muje de E a W (alto in-
dice), que s¢ llama Flujo Zonal o Movimicnto Zonal, v 2) una
configuracidn de Mujo ondulante (de bajo indice) con cambios
extremos en ka latinnd desde las crestos hasta las vaguadas,
dando lugar a un intercambio meridional de aire de diferentes
latitudes, por lo que 22 les ha dado el nombre de Movimiento

Fig. 31.- Percentage frecucncy of Easterly types ol air flow al
S00 mbs.

Peculinr to bath Westerlies and Easterlies are the periods
when these basic currents: a) stroightened out, their motion
being mainly E-W, and b) slacken, or meander around their
mean latitudinal position. These are the so-called high and low
index circulation periods, frequently quated in middle latitade
meteorological literature. These terms, although generally
referring to circulation conditions throughout o large longi-
fude range, have come to he interpreted locally as: 1) a nearly
straight E-W flow pattern (High Index), which is called Zonal
Flow or Zonal Motion, and 2) a meandening flow patiern { Low
Index) with extreme changes in lotitude from crests (o troughs,
giving rise to a meridional exchange or air from different loti-
tudes, for which the name Meridional Motion or Merndional
Flow has been coined. These terms have been adopled here for
further reference. Tahle 1 shows the classification of upper-gir
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Fig. 32.-Frecuencin porcentual de tipos del oeste de flujo adren
a 500 mbs.

Meridional o Flujo Meridional. Estos wérminos se han adop-
tado agui como referencia posterior. La Tabla 11 muestea la
clasificaciin de tipos de la atmdsfera superior de acuerdo con
estas caracteristicas. La divisidn de tipos en eiclénico y antici-
clémico, de acuerdo con la curvatura de las lineas de comiente
es tan obvia que no necesita discutirse,

La clasificacién mostrada en la Tabla 11 ha sido usada
para la configuracidn de flujo de 700 v 500 mh (Fig. 14-28),
considerando que la linea divisoria entre los occidentales v los
alisios a 500 mb siempre estd al sur de su posicidn a 700 mb
debido & la base inclinadn de bos occidentales.

»-Frecuencia de los tipos de altura, Las Tablas 111 y
IV dan el porcentaje de frecuencia del tipo de flujo superior
para cida mes del periodo 1951-1954 inclusive. Como refer-
encin, las figuras basadas en los valores dadog en lag Tablas
I y 1Y se han traeado. Estas muestran ¢l porcentaje de fre-
cuencia de las configuraciones del Aujo de 700 y 500 mb para
cada mes del affo. Los Figs. 29 v 30 contienen los curvas de
frecuencia pam los tipos orentales v los occidentales a 700
mh respectivamente v las Figs. 31 v 32 las de 500 mb.
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Fig. 32.-Percentage frequency of Westerly types of air flow at
300 mbs,

types nccording to these characteristics. The division of types
into cyclonic and anticyclonic, sccording to the curvature of
the streamlines is so obvious that hardly needs qualifiemion,

The classification shown in Table IT has been used both
for the 700 and 500 mb Aow patierns (Fig. 14-28), considering
that the dividing line between Westerlies and Trades at 500 mb

is always, 5 of its position at 700 mhs en account of the slop-
ing base of the Westerlies,

D-Frequency of upper-air types. Tables 111 and IV
give the frequency and the percentage frequency of the upper-
air flow types ofr cach month of the period 1951-1954 inclu-
sive. For ready reference. figures based on the values given in
Tables 1l and IV have been drawn. These show the percentage
frequency of the 700 and 500 mb flow patterns for each month
of the year. Figs. 29 and 30 contain the curves of Frequency for
the Easterly and Westerly Types at 700 mb respectively and
Figs. 31 and 32 those for the 500 mb.
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I-Frecuencias de 700 mb

La caracteristica mds sobresaliente de las grificas de
T mb es |a Mrecuencia mixima de los tipos © v D donante
el Vermno v fines del Chofie, El tipo C, una vagusda exten-
dida a través del Golfo de México, sigue de cerca al tipo D,
que corresponde a una onda del Este sobre la planicie central
entre Veracruz ¥ Guadalajara. Estos dos tipos estin estrecha-
mente conecimdos ya que, Como ¢ MOosIFarin en ofra seccion,
las ondas del Este que atraviesan la Altiplanicie Mexicana pa-
recen originarse en una vaguada mayor a través del Golfo de
México, Esto podria explicar el curso paralelo de las curvas de
frecuencia en lo Fig. 29, descontando la ligera diferencia en
frecuencias durante el periodo de principios del Onodo. Esto se
debe o la interferencia de los ciclones tropicales que, cuando
no eran suficientemente bien definidos arriba, se clasificaron
como pertenecientes al tipo C.
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The maost striking feature of the 70 mh graphs is the
maximum fregquency of types C and D during the Summer and
fate Fall seasons, Type C, an extended trough across the Gulf
of Mexico, follows closely tvpe D, which corresponds to an
Exsterly wave over the centrl plateau between Veracruz and
Guadalajara. These two 1ypes are closely connected beciuse,
as will be shown in another section. Easterly waves that ¢ross
the Mexican Plateay seem oosiginate in a major trough acnoss
the Gulf of Mexico, This could account for the parallel course
of the frequency curves in Fig, 29, disregarding the slight dif-
ference in frequencies during the early Fall period, This is due
1o the interference of ropical cyclones which, when not suffi-
ciently well-defined aloft, were classified as belonging to type
C.
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Los tipos E v F mvestran frecoencias altas durante el
final de la Pamovera v el Verano eon sus direcciones casi
paralelas. El tipo E corresponde a una onda occidental que
ha cruzado la planicie central ¥ continuado hacia el noroeste
alrededor de una celda anticiclénic situnda sobre los estados
orientales del zur de los EE, UU. Este tipo muestrs un mésimo
en Veruno ¥ su curva de frecoencia tiene mis o menos el mis-
mo eje de simetria del tips D, pero con una frecuencia general
menor durante el afio.

El tipo F, un tipo de Aujo anticicldnico, ¢z muy frecuenie
durante los meses del Verano. Esto apova la idea de que In
circulacidn de principios del Yerano sobre México es més bien
anticichinica, pero responsable de los chubascos v tronadas
convectivas caracteriaticas de esa parte de la remporada de
Huvias en el pais, Por otro lado, los tipos cicldnicos asociadas
con perurbaciones tropicales, mads frecuenies a fines de We-
rane ¥ prncipios de Owofio (ver curva C y D, Fig, 29 s¢ sabe
que son responsables de las Huvias mis generalizadas de esta
parte de la temporada de Iuvias.

El tipo B, con un mdximo a principios del Verano se
encuentra casi durante wodo el affo. Este es un collado sobre 1a
Altiplanicic que produce un flujo borcal cuesta abajo sobre la
Sierra Madre Occidental v un flujo meridional a lo largo de la

Tvpes E and F show high frequencies during late Spring
and Summer with their trends almost parallel w each other.
Type E corresponds o an easterly wave which has erossed the
central Plateaw and has comtinwed nonh-westwand around the
anticyclonic cell located over the Eastern Gulf States of the U,
5. This type shows a maximum in Summer and is fregquency
curve has about the same axis of symmetry as that of type D,
but with 3 lesser overall frequency through the vear,

Tyvpe F, an anticyelonic flow tvpe, is very frequent dur-
ing the Summer months. This supports the idea thot the carly
Summer circulation over Mexioo is moestly anticyclonic, hut
responsible nevertheless for the scattered convective thun-
der-showers which are characteristic of that pan of the rainy
season in this country, On the other hand, the cyclonic types
grsocipied with tropical disturbances, most frequent in lse
Summer and eardy Fall (see curve Cand D, Fig. 29) are known
b0 b responsible for the mone widespread rains of this part of
the rainy scason.

Type B, with a maximum in early Summer is found al-
most throughout the year, This i a col over the Platenu that
produces a northerly down-slope flow over the Sierma Madre
Occidental and a sowthery Mow along the Sierma Madre Ori-
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Seerra Madre Oriental, Las ramas siluadas mils ol none y mas
al sur de esta circulacidn sobre la Altiplanicie son orientales v
occidentales, respectivamenie,

Las curvas de tipos M, H v L (Fig. 30 se siguen una a
ln otra duranie la mayor parte del afio, excepto por la pequeia
punta del tpo L en Agosto. Estos tipos, una vagusda oblicua
u través de la parte nomeste del pais, una vaguada de norte a
sur sobre la parte noreste de la Ahiplanicie y una celda antici-
cldnica centrada sobre ¢l sur del Golfo de México, respectiva.
mente, tenen su frecuencia mixima al final del Inviemo, con
un miximo secundario al final del Otofio. Durante e periodo
miis caliente del afio extos tipos casi nunca aparecen, expliciin-
dose que los tipos cocidentales wwmen su bigar,

Oiro tipo cuya curva sigee de cerca lus de los tipos an-
teriores, por b menos durante la primer parte del Inviemno,
es el tipo 1, una vaguads orientada de Nore a Sur en ¢l Golfo
de México, La curva de este lipo muestra, sin embargo, una
direecidin opuesta a fineg del Inviemo, eniendo un mdximo
de frecuencia al principio de la Primavera. Esta alta vaguada
extendida s¢ asocia a menodo con los tipos 8, 9 v 10 de la
clasificacion de superficie, que pertenece a incursiones del aire
polar en el Golfo de México. Su temprano establecimiento en
el Otofio es digno de mencidn, asf como su ausencia durante la
primera parte del Verano.

La curva del tipo A (Fig. 30, un vdrtice de cicidn frfo
sobre ¢l NW de México incluyendo el drea norte de la Al-
tiplanicie, no esul bien definido en su direccidn durante la
estacidn fria como los otros tipos que se han discutido, pero
tiene dos médximos a fines del Inviemo y principios de Prima-
vera con un miximo secundario 3 fines del Owofio. La existen-
cia de este tipo puede ser causa de la mayoria de las luvias de
Invierno o las nevadas ocasionales sobre las condilleras altas
de ln Sierra Madre Occidental y en los Estados de Sonora,
Chihuahua ¥ Durango.

Las tipos restantes de la clasificaci dn de 700 mb son casi
insignificantes en sus frecuencias ansales, aungue llegan a ser
prominenies ¢n una parte u ofra del afo. Otra caracteristica
mis de las curvas en las Figs. 29 v 30 estd en la presencia de
pricticamente todos 1os tipos durante Mayo y Junio, una car-
acteristica que enfatiza el cardicter transitorio de estos meses,
Algo similar courre en Octubre.

1I-Frecuencias de 500 mb

Las Figuras 31 v 32 muestran ks curvas de frecucncia
para los tipos a nivel de 500 mb, El cuadro general de este
nivel se asemeja al de los 700 mb, excepto por un curso menos
definitivo de las curvas de frecuencia, cuyas puntas alternan
una con otra en un modo mis ermbtico, Sin embargo, s notabbe
que la importancia de los tipos C y D (Fig. 31) durante la parte
mis caliente del afio, no disminuya mientras que el tipo E dis-
minuye |geramente, con una punta definitiva en Agosto. Por
olro lado, los tipos F v B muestran una ligera disminucitn en

Surface weather and upper-air low paierns in Mesioo

entil, The northemmost and the southernmos: branches of this
circulation over the plateau are respectively westerly and east-
erly.

The curves of types M, H and L (Fig. 30) follow cach
other during most of the year, except for a small peak of Type
L in August. These types, a tilied irough across the norih-
western pant of the couniry, a North-to-South trough over
the northeastern part of the Plateau and an anticyclonic cell
centered over the southern Gulf of Mexico, respectively, have
their maximum frequency late in the Winier season, with a
secondary maximum in late Autumn. During the warmer pe-
riod of the year these types are almost absent, this being the
reason when the easterly tvpes take over.

Another type whose curve follows fairly close those of
the above types, al least during the first pan of the Winter, is
tvpe [, a Norh-to-South westerly trough in the Gulf of Mexi-
co. The curve of this type shows however, an opposite trend in
late Winter, having a maximum of frequency in early Spring.
This extended trough aloft is often associated with types 8,
S and 10 of the surface classification, which belong 1o polar
oulbreaks into the Gulf of Mexico, Its carly inception in Fall
is worth noticing, as well as i3 absence during the first part of
the Summer season,

The curve of type A (Fig. 30), a cold cyclonic vortex
over N'W Mexico including the northern platean area, is nod so
well defined in its trend through the cold season as the other
iypes already discissed, hut it has two maxima in late Winter
and early Spring with a secondary maximum in late Autumn.
The occurrence of this type may account for most of the Win-
ter rainfall and the occasional snowfualls over the high ranges
of the Sierra Madre Occidental in the States of Sonora, Chi-
huahua and Dursngo.

The remaining types of the 700 mb classitication are al-
most insignificant in their annual frequencies, although they
become prominent at one time or other of the year. One further
feature of the curves in Figs. 29 and 30 is the occurmence of
practically all types during May and June, a feature which em-
phasizes the transitional character of these months, Something
siimilar happens in Dctober,

I1-504 mb frequencies

Figures 31 and 32 show the frequency curves for the types
al the 500 mb level. The overall picture al this level resembles
that for the 700 mb, except for a less definite course of the
frequency curves, whose peaks alternate sach other in a more
ermatic way. However, it is remarkable that the importance of
types C and 1D (Fig. 31) during the warmer pan of the vear is
not diminished, while type E is slightly decreased, with a defi-
nite peak in August. On the other hand, types F and B show a
slight decrease in their peak frequencies and about the same



P. A. Mosifio I

sus frecuencias miximas y con la misma amplitud estacional
que en ¢l pivel de 700 mb ya discutido.

Las curvas de los tipos G. L v M (Fig. 32) s siguen de
cerea o este nivel durunte el afio, guardands la misma relacidn
con el tpo I que a nivel de 700 mb durante fines del Inviemnao,
La frecuencia aumentada del tipo H durante la primera pane
de esta estacidn al nivel de los 300 mb o tiene igual en el ni-
viel de 700 mb. Esto se debe aparentemente a la intensificacidn
con la altura de la vaguada oriental que representa el tipo H.

El tipo A adn guarda su curso general casi sin cambio
durante ¢l aflo, como en ¢l nivel de 700 mb. Al nivel de 500
mb los meses de Mayo v Octubre wodavia son los periodos de
transicidn enire los fipos que caracicrizan las pares mds frias
¥ mis calientes del afio,

ESTABILIDAD DE LOS TIPOS DE FLUJO
SUPERFICIALES Y DEL AIRE SUPERIOR

El nimers de veces que un Lpo particular cambid en
olro, o o cambia durante ¢ curso de 24 horas, &5 un indice
de la estabilidad de ese tipe. La siguiente informacidn se ha
analizado tentendo eso en cuenta, en un intento por establecer
cual e la secuencia normal de bos eventos,

La Tabla IV contiene los resultados de esta investig-
aciin. Esta tabla se ba dividido en tres partes: superficie, 700
v 500 mb. Hay grupos de tres columnas cada uno cormespon-
dientes a cada tipo. La primera columna mucsira todos los
cambios posibles del tipo en ofros o en 51 mismo. La sepunda
columna muestra el nimero de cambios observado v la lercera
columna, el porcentaje del ol de ocasiones de ese tipo en
que oecure cads eambio particular,

Es claro por esta tabla que la mayoria de los tpos o to-
dios los niveles muoestran una alta persistencia, o como s dijo
antes, un alto grado de estabilidad,

Consideremos Los lipos de superficie. Fl tipo 7 ¢s no-
fable con 833 por ciento de casos sin cambio, Esie tipo ¢s
segubdo de cerca por el tipo 6 con T9 3%, Estos tipos son los
mds frecuentes durnnte el Verano y por lo tanto, se deduce que
la estabilidad de las configuraciones de presicdn es muy alta
durante csa parte del affo. Las conb gurackones de Invierno,
sin embargo, son mocho mds variables. Desechando el siem-
pre presente alio grado de estabilidad de los tupos en odas
las estaciones del afio, puede uno decir que tipe sigue mis
frecueniemente a cualquicra buscando ¢l siguiente al mids alio
porcemiaje de casos de este tpo. Luego es claro que el tipo
4, por ejemplo, cambin muy a mensdo al Gpo § v viceversa,
Tambidn que a menudo ¢ tipo 5 cumbia al tipo 8, 1cnicndo cstc
tipo el mds bajo porcentaje de casos o cambio en si mismo. A
mienudo es seguido por el tipo 9, el cual a su vez cambia ya sea
en el tipo 4 o el 5 de nuevo.
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seasonal range as ab the 700 mb level previously discussed.

Curves of types G, L and M (Fig. 32) follow cach ather
closely at this level throughout the year, keeping the same re-
lation with type | as at the 700 mb level during the later part of
the Winter. The increased frequency of type H during the first
part of this season ol the 500 mb level has no counterpart in the
T mb level. This is apparenily due o the intensification with
height of the westedy trough which type H represents.

Type A still keeps its general course almoss unchanged
through the vear, as a1 the 700 mb level, At the 500 mb level
the months of Moy and Ociober are still the periods of transi-
ticn between the types which characierise the colder amd the
warmer pans of the vear.

STABILITY OF THE SURFACE AND
UPPER-AIR FLOW TYPES

The number of times which a panicular ivpe changes
inbo pmeither, or does not change dunng the course of 24 hours,
is an index of the stability of that type. The present data have
been analyzed with this in mind, in an attempt to establish
what is the normal sequence of events,

Table 1% comntains the results of this investigation, This
table has been divided into three parts; surface, 70 and 500
mb. Comesponding to each type there are groups of three col-
umns each, The first column shows all the possible changes of
the tvpe into others or into itsell. The second column shows
the number of changes observed and the third the percentages
of the total oceasions of that type on which each particular
change oceurned,

It is apparent from ihis table that most of the types at all
levels show o high persistence. of, a8 was said before, a high
degree of stability,

Let us consider the surface types, A remarkable one is
fype 7 with 83.3 percent of the cases without change. Thiz
type is followed closely by type & with 793 percent, These
Iypes are the most frequent during the Summer and, there
fore, it must be concluded that the stability of the pressure
patterns is wry high during that part of the year, The Winter
patterns, however, ane much more varable. Disregarding the
ever-present high degree of stability of the types inall seasons
of the vear, ome can tell which type follows most fregquently a
particular one by looking the nexi-io-the-highest peroemage
of cases for this tvpe. Thus, it is clear that tvpe 4, for instance,
changes very often into type 5 and vice versa. Also, that mot
infrequenty type 3 changes imo type R, this boing the type
with the lowest percemages of cases or changes into iself. It
is followed mone often by type 9, which in tum changes into
either tvpe 4 or 5 again.



En los miveles supenores es notable In estobilidad de bos
Lpos, Aungue sus cormespondientes porcentajes son Menores
en general que hos de los de la superficie. hay varios mds alios
gue un 50% . lo que demuestm gque adn en las alturas, la persis-
tencia de las configuraciones del Aujo cs muy alta.

Algunas secuencias claramente definidas son nparentes
también cn los niveles superiores. Por ejemplo, el tipo G cam-
bia al tipo H, el tipo H en el 1, el cuil cambia al K., que a su vez
cambia al L; L entonces cambia al G de nuevo. Los meteordlo-
gos mexicanos estan familianzados con este ciclo de Iavierno,
En Verano se observa otra secuencia de repeticion asi: el tipo
B es sucedido ya sea por C o por F; 81 es seguido por C, este
cambia al D; D a su vez se toma en E v entonces alguno de
ellos torna de nuevo a D o a F, lo que representa la otra aler-
nativa. Si B es seguido por F, este cambia a D. Lo que muestra
claramente la tendencia a una vaguada mayor que vace de N a
5 a ravéés del Golfo de México para romperse en latitudes miis
altas ¢n: A) una vaguada occidental y B) en lntitudes inferiores
en una onda oriental que viaja hacin ¢l oeste de México. Esta
oncls s @ veces capaz de penclrar hasta la costa del Pacifico o
alin mds lejos en Sonora y Baja Califomia, Este notable ciclo
de evenlos ocurre en ambos niveles de 0 v 500 mb.,

DISTRIBUCION DE PRECIPITACION
ASOCIADA CON LA CONFIGURACION
SUPERFICIAL Y SUPERIOR

A-Generalidades. Por mucho tiempo los previsores del
tiempo experimentados de México han sostenido que el factor
principal que determina la distribucidn de las lluvias sobre el
pais es la wpografia. Por otro lado, es obvio gue el paso de
las caracteristicas principales de las configuraciones de Mujo
(frentes, vaguadas, ondas, etc.) sobre localidades particulares
deben explicar al menos en pane, Ia distribucién de las lu-
vias en las vecindades. Luego, se pensé que serls interesante
probar la relacidn de estos dos factores separando el efecto
de la topografia en la distribucidn de lluvias de la siteacién
sindplica, como se ilustra en funcidn de los tipos discutidos en
la primera pane de este trabajo.

Para hacer esto, se construyd una serie de cartas (que no
s incluyen en este trabajo) mostrando el promedio de la cantl-
dad de precipitacién por dia que da cada tipo, sobee las dreas de
México. Estas camas resultaron inadecuadas para el propdsito
de separar ¢l efecto de la topografia del de la situacidn sindp-
tica. Sin embargo, mostraron claramente la impontancia de la
primera sobre la distribucidn de las luvias, Se decidid, por lo
tanto, trazar olro juego de cartas mos-trando esta vez la distri-
bucidn geogrifica del Porcentaje del Promedio Arual de flu-
vias 1o que s¢ podrin atribuir a cada tipo -esperando eliminar
asf el efecto de Ia topografia, en alguna medida. Se hizo esto
asociando las cantidades dianas de lhavias regisiradas en una
estacian con los lipos comientes de flujo, tanto en la superficie
como amba, durante el periodo de cuatro afios. Afiadiendo la
cantidad diaria adscrita a cada tipo, se obluvieron cantidades
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Al the upper levels the stability of the types is remark-
able, Although their cormesponding percentages are lower in
general than the surface ones. there are several higher than
%, showing that even aloft the persistence of the flow pat-
terns is very high.

Some clear-cul sequences ane also apparent at the upper
levels. For instance, type G changes into type H, type H inlo
I; this changes into K, which in tum changes into L; L then
changes into G again. Mesican meteorologists are familiar
with this Winter cycle. In Summer another repeating sequence
is observed as follows: type B is succeeded cither by C or F;
if it is followed by C, this changes into D; D in turn shifls o E
and then either back again to D, or to F, which represents the
other alternative. For if B is followed by F. this changes into
D». This shows clearly the tendency for a major trough lyving
N-to-5 across the Gulfl of Mexico 1o break off at higher Lati-
tudes into: A) a westery trough and B) at lower latinudes into
an easterly wave that travels westward into Mexico, This wave
is sometimes able to penetrate as far as the Pacific Coast or
even further into Sonora and Lower California. This remark-
able evcle of events ocours at both the 700 and 500 mb levels.

PRECIPITATION DISTRIBUTION ASSOCIATED
WITH THE SURFACE AND THE UPPER-AIR
PATTERNS

A-General. For a long time it has been the contention
of experienced forecasters in Mexico that the main factor that
determines the rainfall distribution over the country is the to-
pography. On the other hand, it is obvious that the passage of
the main features of the flow patterns (fronts, roughs, waves,
etc.) over particular localities must account ot least in part of
the rainfall distribution in their neighborhood. Thus it was
thought interesting to test the relation of these two factors by
separating the effect of topography on the rainfall distribution
from that due to the synoptic siation as depicted in terms of
the types discussed in the first pan of this paper.

In order to do this, & series of charts (not included in
this paper) were constructed showing the average precipita-
thon amount per day given by each type, over the Mexican
land areas. These charts proved inadequate for the purpose of
separating the effect of lopography from that of the synoptic
situation. However, they showed clearly the importance of the
former on the rainfall distribution. It was decided, therefore,
to draw another set of charts showing this time the geographi-
cal distribution of the Percentage of the Mean Annual Rainfall
which could he attributed 1o cach type -hoping thus to elimi-
nate the effect of topography. in some measure. This was done
by associating the daily rainfall amounts recorded at a station
with the current flow types, both at the surface and aloft, dur-
ing the four-year period. By adding the daily amounts ascribed
to each (ype, vearly amounts were obtained at cach station,
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anuales en cada estacidn. Estas cantidades divididas por el
promedio Anual de Lluvias de In estacidn, expresadas como
un porcients, son las cifras cuyos isolineas aparecen en los
siguienies mapas,

5S¢ considerd que si el efiecio de la topografiy jugaba un
papel tan impomane en la distribucidn de las luvias, la Lluvia
Media Anual proporcionarfa principalmente la medida de ese
efecto. Por 1o tanto, la divisién de los contidades anuales, da-
das por cada tipo en una estacidn, por la Livvia Media Anual
para ko misma estacion, quitaria o al menes reducinia el efecto
de la topografin, dejando sdlo, como Gnica variable, el efecio
de la sineacion sindplica.

De este modo, las configuraciones formadas por las
isolineas de porcentaje de Huvia medio anval en los siguientes
mapas se puede interpretar como establecer cuanto de la luvip
miedia anual explica coda tipo particular, en un lugar o drea
especial. En otrs palabras, los mapas que siguen moestran
donde se espera que la situacidn sindptica afecte la distribu-
cidn normal de Huvia para la estaciin ¥ donde es probable que
es1e efecto se note, ademids de |a topografin.

B=Relacion entre las configuraciones de luvia v los
tipos de superficie. Loz mis notables de estos son los comes-
pondientes a los tipos 4, 5, 6,7 v 9. El lipo 4, una drea de baja
presidn sobre el surpeste de los Estados Unidos, es respon-

sable en gran proporcidn de ln precipitacion anual sobre el
norte de Baj California y el ME de Méxioo (Fig. 36).

La Figura 37 muesira ¢l porcentaje de b lluvia mechia an-
ual atribusdo al tipoe 5, con un mdxima cerca de la frontera de los
Estados Unidos v otra sobre ¢l centro de 1a Altiplanicie; mien-
tras que sobre el Golfo de México v las costas del Pacifico, un
minimo ¢s apafente, particularmente sobre una gran parte del
Golfo de California. Esta distribucidn de la lluvia parece estar
relacronsda com una convergencia horizontal del fujo del aire
sobre la Altiplanicie y divergencia sobre las planicies costerns,

Las configuraciones de lavias comespondientes a los
lipos 6 ¥ 7 { ver Figs. 38 y 3%, son muy similarcs entre s/,
con un miaximo sobre la Swerra Maodre Ocodental v un miis-
imo secundario sobre el sur de la costa sur del Pacffico de
Miéxico, relacionados ambos aparentemente con la posiciin
de una “lengua™ de aire himedo asociada con bos tipos 6 v 7
en Verano, cuando estos tipos alcanzan miximo de frecuencia.

El tipo 9 (Fig. 41) muestra varios maximos mds o menos
i lo largo del parteaguas continental ¥ resulta, junto con el tipo
£, aparentements responsable de la escaser de precipitacidn en
Inviemo sobre la Altiplanicie More y de la gran precipitacidn
sobre lag llanuras costeras del sur del Golfo de México en los
Estados dec Tabasco v Weracruz, Una peculinridad de esos ti-
pos (Figs. 40,41 y 42) es el mdximo de Huvia sobre la porcidn
del extremo NW de Baja California, que estd en cleno modo
relactonado con el hecho de que las condiciones de “Norte™
representadas por los Bpos B, 9 v en su caso |10, estan asocia-

These amoumts divided by the Mean Annual Rainfall for the
station, expressed us o percentage, are the figures whose iso-
lincs appear in the following maps.

It was considersd that,, if the effect of topography plaved
such an important role in the disiribution of rinfall, the Mean
Annual Rainfall would mainly provide a measure of than ef-
fect. Therefore division of the yearly amounts, given by each
type o1 a station, by the Mean Annual Rainfall for the same
station would remove or ai least reduce the effect of wopogra-
phy, leaving along the only variable the effect of the synoptic
siluation.

In this way, the patterns formed by the iso-lines of Per-
centage of Mean Annual Rainfall in the following maps can
be interpreted as welling bow much of the mean anmel rainfall
cach particular type accounts for at a particulor place or area.
In other words, the maps that follow show where the synoplic
situation is expected 1o affect the normal rainfall distribution
for the season and where this effect is likely to be noticed,
regandbess of topography.

B-Relation between rainfall patierns and the surface
types. OFf these the more remarkable are those corresponding
W ivpes 4, 5,6, 7 and 9. Tyvpe 4, a low pressun: anea Over
the southwestern United Siaies, is apparently responsible for a
large proportion of the annual precipitation over northern Baja
California and NE Mexico (Fig, 36),

Figure 37 shows the percentage of the Mean Annual
Rainfall attributed to type 5, with a maximum near the Tnit-
ed States border and another over the central Plateaw: while
a minimum is apparent over both the Gulll of Mexico and
the Pacific coasts, particulardy over a large part of the Gull
of California. Thiz runfall distibuteon seems o he related o
horizontal convergence of the air low over the Plateaw and to
divergence over the constal plains.

The rainfall patterns corresponding io types & and 7
{see Figs. 38 and 399, are very similar 1o cach other, with a
maximum over the Sierra Madre Occidental and a secondary
maximum over the southermn Pacific coast of Mexico, both
seemingly related 1o the position of a moist tongee Trequently
associated with types 6 and 7 in Summer, when these types
have their frequency peak.,

Type 9 (Fig. 41) shows several maxima roughly along
the continental divide and is, together with type 8, apparently
responsible for the scanty Winter precipitation over the north-
ern plateay and for the heavy precipitation over the coastal
plains of the sowhern Gulf of Mexico in the Swates of Tabasco
and Veraeruz, A peculianty of these ivpes (Fig, 40,41 and 42)
is the rainfall maximum over the extreme MW portion of Baja
California, which is in some way related 1o the fact that the
“porthern” conditions, represented by types 8, 9 and. for that
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das generalmente con la presencia de depresiones frias sobre
esa porcidn del pais.

C-Relaciin entre las configuraciones de lluvia y los tipos
del aire superior

I-Tipos de 700 mb

Los mapas de porcentajes medios de lluvin anual dados
por los tipos de aire superior se trazaron en la misma forma que
para los tipos de superficic. En esta seccidn se discutirsin las
configursciones de lluvia asociadas con los tipos de 700 mb,

Entre todas estas configuraciones hay algunas que son
particularmente inleresanies. Con el tipo C, por epemplo, es
notable (Fig. 45) que los méximos de uvias caigan a lo larpo
de la costa del Pacifico mientras que las caracleristicas prin-
cipales del tipo esidn sitwadas sobre el Golfo de México, Sin
embargo. hay un drea de altos valores de porcentaje que se
extiende desde ¢f Pacifico hacia ¢l Golfo, ademds del maximo
sobre ¢l Estado de Tabascn,

El tipo D (Fig. 46}, una onda occidental @ iravés del sur
de la Altiplanicie tiene méximos de lluvia que no parecen estar
cormelacionados con las dreas de divergencia horizontal, aso-
ciadas generalmente con este tipo de perturbacion. Esto mismo
sucede con el tipo E(Fig. 47). Notese o maximode lluvias sobre
Ia costa sur del Pacifico en México, hastante lejos de las carac-
teristicas convencionalmente imponantes de este lipo de Aujo.

Oro grupo es el formado por los tpos G. He | (Figs, 49,
50 ¥ 51) correspondientes todos llos a una vaguada del aire
superior orientada de N a 8 a través del pais. Aqui de nuevo,
el médximo de lluvias no corresponde a la distribacién con-
vencional de divergencia horizonlal en una vaguada mayor,
El tipo L, sin embargo, tiene una distribucidn de luvias muy
similar a las dadas por 108 tipos de superficic 8 v 9 (Figs. 40 y
41), a Ios cuales corresponde a este nivel, Comao con los tipos
8y 9. el tipo [ tene un porcentaje maximo sobre la porcidn
extrefa NW de Baja California,

Los tipos K y L con dos anticiclones centrados aproxima-
damente sobre la Altiplanicie. dan una distribucidn de porcen-
tijje de luvia media anual (Figs. 53 v 54) similar al tipo 1. Las
confi guraciones del flujo, sendo diferentes del tipe 1, o siguen
a menudo, como se vio en una seccidn anterior y por lo tanto,
se pueden tratar como parte de la misma secuencia de eventos.

En el caso del tipo L, el miximo de luvias sobre la por-
cidn NW de Baja California es notable, siendo este tipo res-
ponsable de la mayoria de las lluvias de Invierno sobre esa
parte del pafs. Es este un tipo anticiclénico, pero unas cuantas
lincas de Aujo encorvadas cicldnicamente, indican la exis-
tencia de un virtice frio de baja latid fuera de o costa de
California,

Los tipos M, N, y 0 (Figs. 55, 56 v 57) correspondientes
8 vaguadas del aire superior orientadas de NE a 5W a través
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makter, type 10, are usually associated with the presence of
cold lows over that portion of the country.

C-Relation between rainfall patterns and the upper-air
types.

I-T00 mb types

Maps of percentage Mean Annual Rainfall given by tht
upper-air 1y pes wene drawn in the same way as for the surface
tvpes. In this section the rainfall patterns associated with the
700 mb types will be discussed,

Among all these patterns there are some which are par-
ticularly interesting.. With type C, for instance, it is remarkable
{Fig. 45) that the rainfall maxima should fall along the Pacific
Coust while the main features of the type are located over the
Gull of Mexico. However, there is an area of high values of
percentage stretching from the former into the laner, besides
the maximum over the State of Tabasco.

Type I (Fig. 46). an easterly wave actoss the southern
pateau has rainfall maxima which do not appear 1o be cor-
related with the arcas of horizontal divergence usually related
to this type of disturbance. The same is true for type E (Fig.
7). Notice the rainfall maximum over the southermn Pacific
Coast of Mexico quite far from the conventionally important
features of this flow type.

Another group of types is that formed by types G, H
and 1 (Figs. 49, 50 and 51) all of them corresponding to an
upper-air trough oriented N-5 across the country. Here again
the rainfall maxima do mot correspond 1o the conventional dis-
tribution of horizontal divergence in a major wough. Type 1.
however, has a distribution of minfall very similar to those
given by the surface types 8 and 9 (Figs, 40 and 41). to which
it cormesponds at this level. As with types 8 and 9. type | has a

maximum of percentage over the extreme NW portion of Baja
California.

Types K and L with two anticyclones centered approxi-
mately over the Platean, give a distribution of percentage of
mean annual minfall (Figs. 53 and 54) similar (o type 1. Dif-
ferent as the Aow patterns are from type 1, they follow it very
often, as was seen in a previous section, and %o they may he
regarded as part of the same sequence of events.

In case of type L, the rainfall maximom over the NW
portion of Baja California is remarkable, this type being re-
sponsible of the majority of the Winter rainfall over that part
of the country. This is an anticyelonic type, but a few cycloni-
cally curved streamlines indicate the existence of a low-lati-
e cold vonex off the coast of California.

Types M. N and 0 (Figs. 55, 56 and 57), corresponding
to upper air troughs slanting from NE to SW across the coun-
iry, constitute another interesting group. OF these the most im-
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del pais, constituyen olro gropo inferesante. De estos, el mis
importante ¢ el tipo M gue da una configerscidn de Nuvias
muy definida sobre todo México, con un midximo centrado
cerca de Ciudsd Victoria, en el Estodo de Tamaulipas. Este
centro esti bastante adelante de la linen de vagusda situads
sobre ¢l dren Chihughea-Sonora donde existe en cambio un
minimio de Huvia, Esto indica de nuevo una distnbucidn de
Nuvias en desacuerdo con el campo de divergencia horizon-
ial asociado convencionalmente con este tlipo de Aujo, que sc
ejemplifica paricularmente por el tipo N, aunque en ¢ste caso
hay adn una faja de altos valores de porcentaje de Huvia media
anual pdelante v cerca de la linen de vaguada, purte del drea
de altos valores de porcentaje estd bien detrds de la linea de
vaguada, El tipo O (Fig. 57) siendo un tipo seco, g5 menos
definido en su distribucion de lluvias. La distribucion de Hu-
wias de los tipos A vy B, se discutird en relacidn con la distribu-
cithn para ¢l nivel de 300 mb.

I1-Tipos de 500 mb

Sefalaremos la diferencia emre las configuraciones de
Huvias asociadas con los tipos de 700 mb v los de 300 mb con
objeto de resaltar ba influencia de los tipos de fiujo ded ditimo
nivel en la distribucion de Huvias sobre México.

Las configuraciones de llovia para los tipos de 500 mb
son algo distinins de sus correspondientes a 700 mb. Esto
no debe sorprendernos, pues si los tlipos de fujo para ambos
niveles son los mismos, su existencia en esos niveles no es
simulizines debido al desplazamiento de los rasgos significa-
tivos de las isohipsas con la alora. Esto es mds notable en
Invierno cuando [os gradientes de emperaiuras horizontales
hacen que los ejes de lns vagusdas v de las crestas se corran
hacia el oeste con altura, introdouciends un atraso en ¢l tiempo
de Negads sobre un lugar en particular de las caracteristicas
Superiones con respecto a las inferiores,

Empezando con el tipo A a 500 mb (Fig. 58) ndtese el
mediximo porceniaje sobre la porcidn NE de México. Sus valores
centrales son casi los mismes que para el tipo de 700 mb gue
myuestra e mismo maximo en mds 0 menos ¢l mismo lugar. Ex-
cepto por los valores inferiores sobre la porcidn norie de Baja
California, ¢35 notable que a ¢ste nivel encontremos las mismas
caracteristicas en general que en ¢l mivel anterior de 700 mb,

Oiera similitnd notable s¢ encuenira enire los mapas de
lluvias para ¢l tipo B a ambos niveles; ¢l perteneciente al tipo
B a 500 mb (Fig. 39) e5 ligeramente similar a la comespongi-
ente a TOOmb (Fig. 44). Agui el miximo elongado a 700 mb se
vuelve un sodo centro a 300 mb, pero su posicidn central sobre
el firea de la Altiplanicie es la misma, aungue su intensidad a
500 mby estd muy disminuida.

Los mapas de distribucidn de luvias para los tipos C v
D son también algo similares a ambos niveles, como se hu-
bicra podido esperar de estos tipos de Verano, ya que s ésta
la estacién en gue los gradientes horizontales de temperatura
alcanzan un minimo sobre México.

portant is ivpe M, which gives a very definite rainfall pattern
ovier all Mexico, with a maximum centered near Ciudad Vie-
toria in the Stale of Tamaulipas. This center is well in advance
of the trough line which is located over the Chihuahus-Sonora
area where there is instcad a rainfall minimum, This again
poinds oo rainfall distribution af varange with the feld of
horizonal divergence conventionally associated with this flow
type. This is particulady exemplified by type N for, though in
this case there is still a belt of high values of percentage of
mean annual rainfall in advance of and near the wough line,
part of the anea of high values of percentage is well behind the
trough line, Tvpe O (Fig. 37) being a dry type, is less definite
in its rainfall distribution, The reinfall distribution of types A
and B, will be discussed in connection with the distribution for
the 500 mb level.

11-500 mb types

We will point out the difference between the rainfall pat-
perns amaocisied with the 700 mb ivpes and those al 500 mb in
orcler o bring out the influence of the flow tvpes ot the latber
level on the rainfall distribution over Mexico.

The rainfall patterns for the 500 mb types are somewhat
distingt from their corresponding at 700 mb, This must nol sur-
prise anyone, because even if the fow types for both levels are
the same; their occurrence at those levels is not simultaneous
on account of the displacement of the contour features with
height. This is most noticeable in Winter when the horizontal
temperature gradients make the axis of troughs and wedges
shiflt westward with height, introducing a lag in the time of ar-
rival over a particular place of the upper features with respect
i the lower ones.

Beginning with type A ot 500 mb (Fig. 58) notice the
maximum percentage over the NE portion of Mexico. lis cen-
ter values are almost the same as for the 700 mb tvpe which
shows the same maximum at about the same place. Except for
the lower values over the northemn, end of Baja Calilornia, it
is remarkable that at this level we find the same features in
general as al the fommer 700 mb level.

Another striking similarity is found between the minfall
maps for type B st both levels. That belonging w type B at
500 mb (Fig. 59 ) is fairly similar 1o the corresponding one at
700 mb (Fig. 44). Here the split maximum at 700 mb becomes
i single center a1 300 mb, but their central position over the
northiern ploteau ares is the same, though iis intensity at 300
mb is much diminished.

The maps of rainfall distribution for types C and D. are
also fairly similar at both levels, a8 any one could have ex-
pected from these Summer types. since this is the season when
the horizontal temperature gradients reach a minimum over
Mexico,



Las configuraciones de Nuvias para los tipes Ev Falos
500 mb (Figs. 62 ¥ 63) ¥ a los 700 mb son, sin embargo, lige-
ramente diferentes, hecho que en general es explicado por un
corrimiento de los centros de mixima ¥ minima presidn con
altura. Esta diferencia en la posicidn de los centros para estos
tipos de Verano es dificil de explicar, pero seftala un reman-
enie del efecio wpografico, en los niveles inferiones,

Por otro lado, In similited exire los mapas de Duvias a
los dos niveles de 500 y 700 mb para los tipos G v H (Figs. 64
¥ 63) es sorprendente puesto que salvo por una faja de valores
inferiores a 700 mb sobre el Estado de Oaxaca v que la con-
figuricidn de 500 mb muestra en general valores miés alios de
las isolineas que a 700 mb; estos lineas siguen paralelas entre
si 2 ambos niveles v muy de cerca.

Respecto a la distribucion de las lavies pana los tipos |
(Fig. 66} enconiramos de nuevo agqui que no es obvia la core-
lacidn entre las configuraciones en ambos niveles en cuestidn,
exceplo por el asomo de upa mAxima sobre las porciones del
extremo NW v 5E de México. Aparentemente ¢l tipo J (Fig.
67) es de tan poca importancia para las uvias del pafs que
apenas puede uno mencionar la diferencia entre las configu-
raciones.

El tipo K. que aparentemente tiene una relacidn directa
sobre la distribucidn de las lluvias sobre la porcion NE de
México, como se ilustra por la configuracidn a 500 mb (Fig.
68) no muestra la misma configuracidn a 700 mb para el cual
faita el centro de miximo porcentaje sobre cxn seecidn del pais.
Los médximos de lluvin en otras partes del pais que aparece en
ka carta de los 500 mb son desplazados, o mids bien sustitsidos
por un minimo en 13 cara de los 700 mb. Sin embargo, hay un
g0 de un mixima del porcentaje sobre el extremo de la por-
cidn NW de México en relacidn con este tipo a ambos niveles,

Pern, donde el miximo porcentaje sobre esa porcidn del
pais llegs a su mayor importancia es en los mapas de Muvias
para el tipo L (Fig. 69). Este es un tpo anticicldnico con signos
de curvatura ciclémica en su borde oriental, Asf, la coinciden-
cia de ambos méximos sobre ¢l mismo lugar & ambos niveles
demuesira la naturaleza de los vértices frios que causa esa con-
figuracidn de precipitacidn, Sobre el resto del pais las isolineas
de porcentaje muestran configuraciones similares en ambaos
niveles, de acuerdo con las estructuras verticales de la aimds-
feratipicas de la presencin de depresiones frias sobre California.

La desemejanza entre las configursciones de lluvias es
la regln para el resto de los tipos a este nivel, como se ejempli-
ficd en las Figs. 70,71 ¥ 72, cormespondientes a los tipos M, N
y O a 500 mb en comparacidn con los de 700 mb.

Susince wenther and ppper-air flow paniems kn Mexion

The minfall patterns for types E and F at the 500 mb
(Figs. 62 and 63y and at the 700 mb levels are, however,
slightly different, a fact which in general is accounted for by
a shift of the centers of the maximum and minimuwm pressure
with height. This difference in position of the centers for these
Summer types is hard o explain, but points out to 8 remazm
of the topographic elect af the lower levels.

On the odher hand, the similarity between the rainfall
maps at both the 500 and 700 mb levels for types G and H
{Fig. 64 and 65) is stanling. Since, except for a hand of lower
values at 700 mb over the State of Oaxaca and that the 500 mb
patiern shows in gencral higher values of the iso-lines than
ol 700 mb, these lines parallel each other at both levels very
closely,

Regarding the rainfall distribution for type 1 (Fig. 66)
here again we find no obvious correlation between the pai-
terns at both levels in question, except for a hint of a maxima
over the extreme NW and SE portions of Mexico. Apparently
type J (Fig. 67) is of so linde imporance for the rinfall of the
country that one can hardly mention the difference between
the patierns,

Type K., which apparently has a direct bearing upon the
rainfall distribution over the NE portion of Mexico, as depict-
ed by the pattern at 300 mb (Fig. 68) docs not show the same
pattern at 700 mb for which the center of maximum percent-
age 15 lacking over that section of the country. The rainfall
maxima in other parts of the country which appear at the 500
mb chart are displaced, or mther substituted by minima on the
T mb chart. Nevertheless, there is a hint 1o a maximum of
percentage over the extreme NW portion of Mexico in con-
nection with this type at both the 500 mb and 700 mb levels,

Fut whene the maximum percentage over that portion of
the country becomes of outmost imponance is in the rainfall
maps for type L (Fig, 69). This is an amicyclonic type with
signs of cyclonic curvature on its western border, Thus, the
coincidence of both maxima over the same place at both level
demonstrate the nature of the cold vortices that cause that pre-
cipitation pattern. Over the rest of the country the iso-lines of
percentage show similar configurations at both levels, in ac-
cordance with the vertical structures of the atmosphere typical
of the presence of cold lows over California.

The dissimilarity between the patterns of rainfall is the
rule for the remainder of the types at this level as exemplified
by Figs. 70,71 and 72, comresponding 1o the types M, N and O
al 500 mb, in comparizon with those at 700 mb,
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NOTAS SOBRE LA DISTRIBUCION DE LA
PRECIPITACION EN MEXICO

Antes de llegar a alguna conclusidn, son necesarias unas
Cuanias motas sobre los fendmenes de lo Altiplanicie Mexi-
cana.

Es una caracteristica sobresaliente del tiempo sobre la
Alnplanicie Mexicana que la inestabilidad del aire a menudo
parece ser liberada muy bruscamente -algunas veces sin el
menor aviso de su origen, si s6ko se atende @ ln corta de su-
perficie. Aqui las cartas de atmdsfera superior son muy diiles
para sefialar un comienzo de desarrollo de la conveccidn sobre
In Adtiplanicie.

Yo que 31 0o s¢ revelan signos de inestabilidad en la
cara de superficic sobre las planicies costeras ¥ los mares que
rodean México, la experiencia ha demostrado que tales even-
tos meteoroldgicos estdn asociados con la existencia superior
de ampliar corrientes de aire que traen consigo aire potencial-
mente inestable sobre la altiplanicie. Este aire, que no libera
su inestabilidad potencial sobre @l terreno bajo, puede hacerlo
cunnho es sujeto o kevantimiento mecinico sobre o Altiplani-
cic 0 a calentamiento por debajo producido por la fuente de
alto mivel proporcionada por el wemeno alu.

La direccidn y posicidn de esas comientes son clara-
mente dependienies de las configuraciones del ujo de aire su-
perior y no de las configurnciones superficiales. Estas configu-
raciones, siendo de una escala mucho mayor v de un periodo
mavor que las configuraciones superficiales, esidn intimam-
ente relacionadas con -5 no ddénticas - lns grandes ondas plan-
etarias. Luego, no es de sorprender que ¢l ritmo de los cambios
del tiempo sobre la altiplanicic mexicana sea establecido por
la lenta progresidn de vaguadas y crestas de aire superior mais
bien que por ¢l paso de frentes o de otras carmcteristicas que
alcanzan su mds alia intensidad en la superficie. Esie ¢z ¢l caso
en Inviemo, mientras que en Yerano las ramas ecuatoriales de
la circulacion v la interrupcion de los alisos son responzables
de los cambios del tiempo sobre la Altiplanicie, 5¢ ha obser-
vado que el paso de una vaguada onental, por ejemplo, sobre
la Aliplanicie Mexicana, toma cerca de una semana micniras
que Jos frentes frios solo toman unas cuantas horas en cruzar
el Golfo de México en la superficie durante la estocion frin del
afio. En Verano, la evolucidn de las ondas y vaguadas del este
sobre la Altiplanicie es mds lenta que en la superficie sobre ¢l
Mar Caribe. Todo esto indica la diferente escala de tiempo ¥
espacio o la que perienecen estas caracteristicas, 5in embargo,
debemos seifalar una excepoiin a estas reglas: los ciclones
tropicales, que siendo rasgos muy definidos en la superficie,
aparecen ambién a niveles mas alios sin perder su forma y
caraclerisiicas. Estas son estructuras de eje vertical embehbi-
das, en comientes de aire profundas,

REMARKS ON THE DISTRIBUTION OF
PRECIPITATION IN MEXICO

Before we come (o any conclusion, a few remirks about
the characteristic weather phenomena of the Mexican Platean
wiould seem in order.

It is a striking feature of the weather over the Mexican
Platzan that the instabality of the air often seems 1o be relensed
very suddenly - sometimes without the slightest warring or
clue as to the source of instability, if auention is paid only w
the surface char, Here the upper-air charts are very useful in
providing o hint to the development of convection over the
Platenn.

Far, even if no signs of instability are revealed by the
surface chart over the coastal plains and the seas that sur-
round Mexico, experience has shows that such meteorologi-
cal events are associated with the existence aloft of broad air
currents which bring modst, potentially unstable air over the
Plateaw. This air, which does not release its potential instabil-
ity over bower ground becomes ready 1o do so when subject
to mechanical lifting over the Plateou or to heating from be-
low produced by the high level source provided by the higher
ground,

The direction and position of those currents are clearly
dependent upon the configurations of the air-flow aloft and
not upon the surface patterns. These configurations, being of
a much larger scale and of longer period than the surface pat-
ferns, are infimately related o =il not identical with- the long
planetary woves, Thus, it is not surprising that the rhythm
of the weather changes over the Mexican Plateau be set by
the slow progression of upper-air troughs and ridges rther
than by the passage of fronts or other features which attain
their highest intensity at the surfnce. This is the case in Win-
ter, while in Summer the Equeatorial branches of the circula-
tion and the mterrwption of the trades are responsible for the
wenther changes over the Plateau. It has been observed that
the passage of a westerly trough, for instance, over the Mexi-
can Platenu takes aboul a week whereas cold fronts take only
a few hours to cross the Gulf of Mexico at the surface during
the colder season of the year. In Summer the evolution of the
easterly waves and troughs over the Plateaw is slower than at
the surface over the Caribbean, All this points to the different
time and space scale w which these different features belong.
However we must point out an exceplion o these rules: the
tropical cyclones, which being very definite featurcs at the
surface are still apparent b higher levels withous loosing their
shape and characteristics. These are deep structures imbedded
in desp air Curments.



CONCLUSIONES

La clasificacidn de fas cartas de Mujo de superficie v
superior propuesta en este trabajo parcce ser un instrumento
Gl pera describir los cambios estacionales de la circulacidn
aimostérica sobre México, La gran variacitn de la circulacidn
duranie la parte fria del afio se refleja en el mayor ndmero de
tipos de casi igual frecuencia necesarios para describirlo.

Las curvas de frecuencia en las Figs, 29, 30, 31 y 32
muestran claramente ¢l predominio de los tipos orientales du-
ranke ln parte meis calicnte del afio a todos bos niveles v vicev-
ersa, la de los tipos occidentales durante la parte mds fria del
afio. Los meses e ransicidn entre las configuraciones oren-
tales y occidentales parecen ser Mayo y Octubre,

El grado de persistencia de las situaciones del tiempo
sobre México es notable. Algunas secuencias entre los tipos
se muestran también por la tendencia & permanecer los mis-
mos tpos de fujo sobre las dreas del temitono mexicano por
largo tiempo, viniendo en apoyo de la experiencia en asignar
un lento desenvolvimiento a esas latitades a los rasgos sindp-
ticos. Hubsera sido interesante cienamente, hacer un estudio
de la duraciin de las situaciones meteoroldgicas individuales.

Respecto a la segunda parte del trabajo, s notable que
los tipos occidentales son siempre secos y los orientales son
himedos, a pesar de la curvatura del flujo ¥ no obstante el
hecho de que la mayoria de las comientes occidentales han
tenido e larga tayectoria sobre ¢l Ooeano Pacifico, Es inbe-
resante nodar que hay tipos anticicldnicos en Verano e Invier-
no, ¥ por lo tanto durante todo el afio, lo que da cantidades de
lluvia relativamente grandes. sobre el drea del territorio mexi-
cano. La razdn de esto es s topografia que por levantamiento,
represamiento y desviacidn del fAujo del aire asi como propor-
cionando una fuente de calor de alo nivel hace gue las cor
rientes de aire liberen su humedad por levantamiento forzado
¥ convergencia horizontal. Asi, o topografia altera la distribu-
citn de la Nuvia que de otro modo se esperarfa que sucediera
con los modelos convencionales en los trdpicos.

Una excepeidn importante son las tormentas tropicales
girntorias, que debido 3 su baja frecuencia no se han consid-
erado aquf, pero que sin embargo, s¢ sabe que causan grandes
anomalias en la distribucidn estacional de las lluvias sobre la
Altiplanicic Mexicana, Se necesita urgentementc hacer inves-
tigaciones posleniones a este respecto.
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CONCLUSIONS

The classification of the surface and upper.air flow
chars proposed in this paper appears 1o be a useful tool in
describing the seasonal changes of the atmospheric circulation
over Mexico. The greater variation of the circulation during
the colder pan of the vear is reflected in the larger number of
t¥pes of about equal frequency necessary 1o describe it

The frequency curves in Figs. 29, 30, 31 and 32 show
clearly the prevalence of the easterly types during the warmer
part of the year at all levels and vice versa, that of the westerly
types during the colder pan. The months of transition between
the westerly and easterly configurations seem 1o be May and
October,

The degree of persistence of the weather situations over
Mexico is remarkable, Some definite sequences among the
types are also shown by the tendency to remain the same types
of flow over the Mexican land arexs for long times, coming
this in suppor of experience in attaching to the synoptic fea-
lures a slow development at these latitudes, It certainly would
had been interesting to make a study of the dusation of the
particular weather situations.

As to the second pan of the paper, it is remarkable that
the westerly [ypes are as 2 rule dry and the easterly wet, re-
gardiess of the curvature of the fow and in spite of the fact
that most westery currents have had a long trajectory over the
Facific Ocean. It is interesting to notice that there are anticy-
clonic tyvpes in both Summer and Winter, amd for that matter
throughout the year, which give relatively large amounts of
ramn over the Mexican land areas. The reason for this being
the topography which through lifting, damming and deflecting
of the air flow as well as providing a high level heat source,
causes the air currents to release their moisture by forced lifi-
ing and horizontal convergence. Thus. topography alters the
rainfall distribution that otherwise would be expected 1o occur
with the conventional models of disturbances in the tropics.

An important exception to this is the wopical revelving
storms which because of their low frequency have not been
considered here, but which, nevertheless, are known to cause
large anomalies in the scasonal rainfall distribution over the
Mexican Plateau. Further research in this connection is badly
needed.
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RESUMEN

S¢ demitiestra que ka comiente entmate friccional de aire himedo en una ptmdsfera troplcal condicionalmente inestable causa una
perturbacidn de escala cicldnica de pequella amplitud simétrica guse se amplifica, Fl mecanismo de crecimiento comprende una interaccidn
cooperativa entre las celdas de cumulus individisales y la perturbacidn a gran escala. Las celdas de cumuslis én la regitn de la corriente en-
trante friccional proporcionan energia de calor kente a la perturbacidn v 1o perturbacidn proporcions humedad o 1as celdas de cumilus,

Un andlisis a escaln indica que ¢ apropiado usar las ecuaciones de equilibrio pam ol macro-movimiento ¥ en este exso el efecto de
fricestn sobre la capa de frontern de una perturbacidn a pequefia amplitud puede incorporarse como condickén en 1o velocidad vertical en la
cima de la capa de frontera friccional. Se argumenta que Ls humedad media en un sistema de nubes en cumulis convectivas en equilibrio
estadistico oon circulacidn a escala cicldnica es apreciablemente menor que su valor de saturacion. Luego I atmésfera es gravitacional-
mente cilable para el proceso a macro-escala, aunque sea gravitacionalmente inestable para el proceso convectivo  micro-escala. La
inestabilidsd & macro-cscala o es en consecuencia gravitacional, sino esencialmente dependicnie de la friccidn superficial, si bien recibe
su enerpia del calor Llabente,

ABSTRACT

It is shown that the frictional indraft of moist airin a conditionally unstable wropical atmosphere will cause a small-amplitade nxially-
symmetnc disturbance of cyelone seale o amplify. The growth mechanism involves a cooperative interaction between the individual
cumulug cells and the lorge-scale disturbance. The cumaulus cells in the region of fictional indrft supply the dissurbance with Latent heal
energy. and the dislurbance suppdies the cumulus cells with moisture.

A scale-analysis indicales that it is appropriale 1o use the balance equations for the macro-motion, and in this case the elfect of fric-
tien in the boandary-layer of a small amplitude disturbance may be incorporated s a condition on the vertical velocity al the top of the
frictional boundary layer. It is argued thal the mean humidity in a system of convecting cumiuslies clouds in statistical equalibrium with the
cyclone-scale circulation is appreciably loss than its saturation value. The atmosphere is then gravitstionally stable for the macro-scale
process, even though it is gravintionally unstable for the micro-scale convective process. The macro-scale instability is therefore not a

gruvitational instability but is one that depends exsentially on surface friction, although it receives its energy from lasent heat,

INTRODUCCION

Las observaciones demuestrun que anics que pueda con-
vertirse la depresidn tropical asimétrica de nicleo frio normal
en huracin debe de alguna manera transformarse en depresidn
de micieo cdlido con mayor grado de simetrfa cincular. En esa
ctapa parece que un mecanismo dindmico puede explicar su
amplificacion. Demostrremos en el presente ariculo que la
convergencia de la capa de frontera friccional hard que la con-
vecciin de cumulus se acople al movimiento a gran escala de
tal modo que le proporcione energia en grado siempre creci-
ente,

Yanai (1961} ha dado pruchas en apoyvo de la hipdtesis
de que la formacidn de la depresidn de ndcleo Irio se debe a
inestabilidad de la deformacidn horizontal en los estes tropi-
cales. Se puede especular que par amplitudes suficientemente
grandes. la convergencia friccional de humedad con sus efec-
tos cuadriticos sobre los vientos de superficie superarn al me-
canismo de induccidn de energia v causardn tanto la creciente
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INTRODUCTION

Observations show that before the normal cold-core,
asymmetric tropical depression can grow into a hurricane it
somehow must become transformed into a warm-care depres-
sion with a greater degree of circular symmetry. Al that stage
there appears to be a dynamical mechanism that can account for
the amplification. We shall demonstrate in the presemt anticle
thist frictional bounsdary layer convergence will cause cumulus
convection to be coupled 1o the large-scale motion in such a
manner a5 o supply it with energy al an everincrensing rate.

Yanai (1961} has given evidence in suppon of the hy-
pothesis that the formation of the cold-core depression is due
to horizontal shear instability in the tropical easterlies, One
may speculate that for sufficientdy large amplitudes, the fric-
tienal convergence of moisture, whose effect quadrasically on
the surface winds, will take over the energy supply mechanism
and cause both the increasing symmetry and the continued
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simetrin como el contineo crecimiento. Nuestra presente dem-
oxiracidn no s ocupa de dicho proceso para neda, Su propasi-
1o o5 meramente indicar la importancia probable de la fric-
cidin de superficie ¥ la conveccidn de cumulus acoplados en
el mecanismo de amplificocion de In depresion huracanmda,
También hemos estudiado el sistema de amplited finita en co-
laboracidn con el Dir. Y. Ogura, pero en este caso uno de log
problemas no resueltos es encontrar ¢l mecanismo de la inter-
accidn friccional de superficie con grandes ndmeros de Rossby,

1. ISESTABILIDADY DE LA DEFRESION TROPICAL. LA DEPRESIGN
¥ LA CONVECCIN DE CUMULLS COMO FEXOMENOS COOPERATI-
vos. En analogia con la teoria de los ciclones extratropicabes,
es tentador atribuir la formacskdn del huracin a alguna forma
de inestabilidad hidrodindmica ¥ de hecho se han propuesto
varies mecanismos. El crecimiento de la perfurbacidn se ha
atribuido diversamente a la inestabilidad de discontinoidades
de wmperatura (inestabilidad frontal), de gradientes de teme-
peratura horizontal (inestabilidad baroclinea), del momenio
angular decreciente radielmente a lo brgo de superficies is-
enirdpicas en un virtice circular (inestahilided rotacional) o a
deformaciin horizontal con un extremo en ¢l perfil de vortici-
dad abosluta (inestabilidad de Ravieighd, La dlima puede ser
causa de 1o onda del este de ndcleo frio, pero o cledamente
del huracin, En opinidn de los autores no hay buenas prue-
bas citadas que indiguen que existen otras inestabilidodes o
ai las hay, que pusdan originar los movimisntos observados.
Sin embargo, hay una guinta clase de inestabilidad que indud-
ablemente existe, Es la inestabilidad gravitacional asociada a
un decremento en la entropia de aire saterado con la alura
{inestabilidad condicionaly. Pero, la depresidn puede no ser
simplemente una mezcla convectiva a gran escala, va que .
Bjerknes (1938) v E. Hoiland (1939) han demostrado que la
inestabilidad condicional favorece la menor conveccidn de
cumulus n pequefin escaln, Por ello considernmaos 1o depre-
sién prehurncanada v la celda de cumulus no en competencia
para la misma energia, pues si la hubicra ganaria la celda de
cumulus, sino ayudindoss una 4 ofra, proporcionando la celda
de cumulus energia caldrica para empujar la depresidn v pro-
duciendo la depresidn convergencia de humedad a bajo nivel
en las celdas de cumulus, El propdsito primario del presente
trabajo s clertamente demostrar que este tipo de interaccion
lleva a una awoamplificacidn a gran escala. que Hamaremos
inestabilidad condicional de la segienda clase en contrasie con
la inestabilidad comndicional responsable de la conveccidn de
cumalus a pequefia escala,

2. EQUILIBRIG EXN LA DEPRESION PRE-HURACANADA, De acuerdo
con la opinidn actual, el huracin incipiente es una circulacidn
forzada empujada por ¢l calor liberado por conveccidn orga-
nizadade cumulus y nounacirculacion libre producida por fuer-
7as hovantes en desequilibrio, Asi,_se puede pensar que ¢l lujo
o gran escala ¢s casi-hidrostdtico v eliminar las fuerzas centrif-
ugas ¥ de Coriolis en desequilibrio, de modo que los foerzas
horizontales puedan considerarse aproximadamente en estado
de gradiente o si el caso lo requiere, en equilibrio geostnifico.

growvith, Our present demonstration does not treat this process
at all. Its purpose is merely to indicate the probable impor-
tance of surface friction and the coupled cumulus convection
in the amplification mechanism of the hurricane depression.
Wi have also studied Onite-amplitede systems in collabora-
tion with Dr. Y. Ogura, but here one of the vel unsolved prob-
lems is to find the mechanism of the surface frctional intere-
tion at larpe Rosshy numbers,

L ISSTABILITY OF THE TROPICAL DEPRESSION, THE DEPRESSION
AND CUMULLE CONVECTION AS COOPERATIVE PHEMODMEXA. In
analogy with the theory of extratropical cyclones, it is tempt-
ing to ascribe the formation of the bumicans to some form
of hydrodynomic instability, and in fact o oumber of such
mechanisms have been proposed. The growth of disturbances
has been variously attributed to the instability of temperature
discontinuities {frontal instability), of horizonial temperatune
grodients (baroclinic instability), of radially decreasing angu-
lar momentum along isentropic surfaces in a circuler vortex
(rotational instabiliey}, or of borzontal shear with an extre-
mum in the absolute vorticity profile {Rayleigh instability).
The last may be responsible for the cold-core easterly wave
but almost certainly not for the hurricane. In the opinion of
the authors, no good evidence has been cited to indicate that
the other instabilities exist, or if they did that they would give
rise Lo the observed motions, There is, however, a fifth kind of
instability that undoubledly does exist. It 15 the grovitational
instability associated with a decrease in the entropy of satu-
rated air with height (conditional instability). Yet, the depres-
sion canned b simply a large-scale convective overluming;
fior 1. Bjerkmes { 1938} and E. Hoiland (1939 have shown that
conditional instability favors the smallest possible scale of
cumulus convection, We should look therefore upon the pre-
hurricane depression amd the cumulus cell, not as competing
for the same energy, for in this competition the comuolus cell
must win, but as supporting one another, the cumulus ool by
supplying the heat energy for driving the depression, and the
depression by producing the low-level convergence of mois-
ture into the cumulus cells. Indeed, it is the primary purpose
of the present paper to show that this type of interaction does
lead to a large-scale self-amplification, which we may call
conditional instebility of the second kind w contrst it with
the conditional instability responsible for small-scile cumulus
CoMeCLiom,

2. BALAXNCE IN THE FRE-HURRICANE DEPRESSIHN, According o
thi: present view, the incipient hurmicane 15 a forced circula-
tion driven by the heat released in organized cumulus con-
vection, not a free circulation driven by unbalonced buoyancy
fiarees. One may therefore assume that the large-scale flow is
quasi-hvdrostatic and discount unbalanced Coriolis and cen-
trifugal forces. so that the horzontal forces may be considered
approximately in a staote of gradient or, as the case may be,

geostrophic balance.



1 O the growth of the hurncane depression

Las ecuaciones apropiadas para el flujo casi-equilibra- The appropriate equations for quasi-balanced fAow
do han side derivadas por Charney (1948) ¥ Eliassen (1949) have been derived by Chamey ( 1948) and Eliassen (1949)
para el caso en que s velocidades horizontales relativas sean for the case whene the relative horizontal velocities ane small
pequefias en comparacidn con velocidades de rotacidn de la compared 10 the velocities of the Earth’s rotation (quasi-geo-
Tierra (caso casi-geostrdfico), Mras consideracioncs mds ge- strophic case) . More general statements of the balance equa-
nerales de ecuaciones de equilibrio se dan en trabajos de Bolin tions are given in papers by Bolin { 1955) , Charney (1955 a,
(1955), Charncy U955 a. b 1962) ¥ Thompson (1956). En el b; 1962} and Thompson {1956), In the following analvsis we
siguiente andlisis suponemaos que el fujo es un vorice circular assume that the Aow is an axially-symmetric circular vortex.
axiaimente simétrico. Esos flujos fueron estudiados primero These flows were first studied by Eliassen ( 1952),
por Eliassen { 1952).

Paralospropositos presentes, lascondiciones deequilibrio For the present purposes the conditions of hydrostatic and gra-
gradiente e hidrostitico pueden escribirse més simplemente dient balance may he written most simply

%=x[]nq-lni:l

B _m
ar
donde r es la coordenada radial, z es la coordenada vertical, 8 where r is the radial coordinate, 2 i the vertical coordinate, 8 is
5 la temperatura potencial v the potential temperature, and
b=l LV
r ]
m= *'!25
Las barras denotan espacio horizontal y promedios de tiempo; The bars denote horizontal space and time averages: [ is the
Ses el parimetro de Coriolis y v es velocidad tangencial. Coriolis parameter and v is the tangential velocity.
Agregando las ecunciones aproximadas para conservi- We add the approximate equations for conservation of 8
cidin de 8 ¥ m, el momento angular and m, the angular momentum,
ding _
i :&
am o
dr
donde Q) es ¢l indice de entrada de calor por masa unitaria que where {0 is the rate of heat accession per unit mass, and i s
astgura que la friccion actia solamenie en la capa de frontera assumed that friction act only in a surface boundary layer. The
de la superficie, La comespondiente ecuscidn de continuidmd comresponding simplified mass continuity equation is

de masa simplificada es
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donde i ¥ w son las velocidades vertical v radial respectiva- where u and w are the radial and vermtical velocitics respective-
mente y yes la friccidn de corriente para el Aujoen ¢l planor- 2. Iy, and W is the stream friction for the flow in the r - z plane,

3. CALENTAMIENTO POR CONVECCION DE CUMULUS, La tarea mis 3. HearvG oy cusiuLes coNvecTion, The most difficult task
dificil en ¢l andlisis es describir las propiedades del transporte in the analysis is to describe the wrbulent ransport propertics
turbulento del campo de conveccidn de cumulus en equilibrio of the cumulus convection field in statistical equilibrium with
estadistico por ¢l movimicnto de campo a gran escal, Ya que the large-scale field of motion. Since a self-consistent theory
una teoria aulo-consistente de conveccidn de cumulus turbu- of wrbulent cumulus convection in an anisotropic mean feld
lentos en un campo medio anisotrdpico no exisie, es nece- does not exist, one is forced to parametrize the process. This is
sano usar parimetros en el proceso. Se hace especificando done by specifying a single empirical parameter, |1 expressing
un simple parimetro empirico W, que expresa el grado me- the mesn degree of saturation of the air in the region of active
dio de saruracion del aire en la regidn de conveccidn activa. convection, I this parameter is known, and if one considers a

b
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Si se conoce este pardmetro y se considera la columna de
aire cilindrica vertical que s extiende o través de In atmids-
fera, cuya seocidn transversa horizontal sea bastante grande
para comener vanas celdas de cumulus, pero suficientements
pequedias para considerarse como infinitesimales respectoa la
depresidn a gran escala, resulta posible calcular la convergen-
cin de humedsd a gron éscaln dentro de 1a columins y tambign
el indice de precipitacidn y de cantidad de calor latente. Se
supone que el calor latente se distribuye verticalmente en pro-
porcion al calor liberado de una porciin de aire ascendente
adiahdticamente humedo v saturmdo.

En I zona de conveccidn de cumulus activa de una
depresidn tropical el transporte vertical de humedad es 7w ,
donde g es la humedad especifica v la barra denota un promedio
horizontal sobre una seccidn transversal de la micro-columna.
Dicha cantidad no puede ficilmente relacionarse con & ¥ §
J ¥ que 1o w como g son cantidades altamente flucluantes
cuya covanancia es desconocida. Por otra parte, el fujo mdial
de humedad es dado casi por i § para que el débil gradi-
ente horizontal de § v la pequefia extension horizontal de Jas
cieldes de cumulus que causan bos Auctusciones de & ¥ g no
sean correlacionadas, Asi, podemos expresar la convergencia
horizontal de humedad como columna de unidad vertical por

g
Entonces, suponemos que los micro-movimientos estin én
estado de equilibrio estaditico con relacidn al macro-moy-
imiento de modo que la humedad especifica § sea una frac-
cidn conocide W, de sus valores de saturacidon medios §, . Por

falia de mejor conpcimienio SUpOReMOs g U C5 U constin-
e menor que Ja unidad en la zona de conveccitn.
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4. La PRICCION DE SUPERFICIE COMO FUERZA CAUSAL INDH-
rRECTA. Puede demosirarse que los cambios en un fujo casi-
equilibra-do con el tempo son producidos solamente por
fuentes de calor independientes, fuerzas friccionabes o en el
caso de Aujo asimétncn por ¢l tansporte de masa v vortici-
dad en la parte equilibrada del flujo. Puesio que el Aujo es
pqui simétrico ¥ que el calentamiento por condensacidn no es
independicnte del movimiento, deben considerarse los efec-
tos de la friccidn de superficie, encontrindose entonces que
desempefia un doble papel: actuar para disipar energla ciné-
tica ¥ por causa de la convergencia friccional en la capa de
fromers superficial humeda proporcionar también energia de
calor latente al sistema. La disipacidn de energia es propors
cional al indice de rabajo del esfucrzo de superficie en tanio
que el aporie de energin és proporcional a la convergencia
[ficcional. ed decir, zolamente al esfuerzo de superficie. Asi,
¢n las prime-ras etapas de la depresicn tropical, cuando s
velocidades tangenciales son pequedias, la friccidn actia para
aurnentar la energia del sistema (Sin embargo, debe mencio-
narse que las velocidades tangenciales tendrin que ser sufi-
cientemente grandes para que sea imporante la friccidn).

vertical cylindrical column of air extending through the at-
mosphere whose horizontal cross-section is large enocugh o
contain several cumulus cells and yer small enough 10 be
regarded as infinitesimal with respect w0 the large-scale de-
pression, it becomes possible 1o calculate the large-scale con-
vergence of moisture into the column and hence the rate of
precipatation and lment heat supply. The lment heat 15 assumed
to b distributed in the vertical in proportion to the heat ne-
leased from a parcel of saturated air ascending moist adiabati=
cally.

In the active cumulus convection zone of o tropical de-
pression the vertical transport of motsture ks T 7§ , where g
i% the specific humidity, and the bar denotes a honzontal aver-
gge over a cross-section of the micro-column, This quantity
canncd easily be retated to @ and § , since both w and g are
highly fuciuating quantities whose covariance is unknown,
Cin the other hand, the radinl flux of moisture is closely given
by © & § . for the weak horizontal gradients of § and the small
hosizontal extent of the cumulus cells cause the fMuctuations
of wr i 10 be uncorrelated. Thus, we may express the hori-
zontal conviergence of madsture inlo o vertical unit column by

ild:

We then suppase that the micro-motions are in a stue of sta-
tistical equilibrivm with respect to the macro-motion such that
the specific humidity § is a known fraction, ., of its mean
saturation values §, . For lack of betier knowledge we assume
that 4 is & constant less than unity in the convection zone.

4. SURFACE FRICTION A5 THE INDMRECT DRIVING FORCE. [L can
be shown that time changes in a quasi-balanced flow are pro-
duced only by independent heat sources. frictional forces, or,
in the case of asymmetric fow, by the transport of mass and
vorticity in the halanced part of the flow. Since the flow here
is symmetric, and the condensational beating is pot indepen-
dent of the motion, one is led to consider the effects of surface
friction, It is then found that friction performs a dual role: it
acts 1o dissipate kinetic energy, but because of the frictional
convergence in the moist surface boundary loyer, it also acts
1o supply latent heat encrgy to the system. The energy dis-
sipation is proportional o the rate of working of the surface
stress, whereas the energy supply is proportionad o the Frig-
tional convergence, ie., o the surface stress alone. Thus, in
the early stages of the tropical depression, when the tangential
velocities are small, friction acts 1o increase the energy of the
gvetem (It should be mentioned, however, that the mngential
velocities must be large enough for friction to be important).



5¢ ha demosirado por Charney v Eliassen (1949) que ¢l
efecto de la friceidn de supedicie en el Mujo casi-geostnifico
puede expresarse como condicidn de frontera sobre ka veloci-
dad vertical en la cima de la capa de frontera friccional. Ya que
el Mupo de perurbacidn es casi-geostrdfico puede introducirse
tal simplificacidn. Entonces, la velocidad vertical inducida
friccionalmente encima de la capa de frontera e daka por

O the groath of the Barricane Sepression

It has been shown by Chamey and Eliassen (19499 that
the effect of surface friction in quasi-geostrophic flow may be
expressed as a boundary condition on the vertical velocity at
the top of the frictional boundary layer, Since the perturba-
tion flow is quasi-geostrophic this simplification can he intro-
duced. The frictionally induced vertical velocity at the top of
the boundary laver is then given by

W, =%Dﬂ._1.i:|1[‘h]

donde Dy = JIAF es una medida de la profundidad de dicha
capa, A el coeficiente constante de viscosidad de trbulencia
cinética, ot ¢l dngulo entre el viento geostnifico del superficie
¥ las isobaras de superficie y C, In vorticidad del viento geo-
strdfico de superficie. 5i A= 10 m® seg” . un valor sugerido por
Hrunt (1939 y f= 0377 x 1™ seg”' . comespondiente a una
latitud de 15, entonces D, = 730 m.

Puede derivarse una férmula més general 81 s supone
que la viscosidad de turbulencia es pequedia por encima de la
capi de sub-frontera de esfuerzo constante. A4i sé obliene para
la funcitn de corriente W, en 1a cima de la capa de frontern
friccional {por integracidn de la couscidn horzontal de movi-
MEEN0 respechs & o,

where Dy = J2A/f is measure of the depth of this Layer, A is the
{constant) Kinematic eddy coefficient of viscosity, o the angle
between the surface geostrophic wind and the surface isobars,
and §, the vorticity of the surface geostrophic wind, If A = 10
m® sec” |, a value suggested by Brunt (1939) and f= 0377 x
10 sec” . corresponding 1o a latitude of 15°, then D, = 730 m.

A more general formula may be derived if one assumes
that the eddy viscosity is small above the constant stress sub-
boundary layer. One then obtains for the stream function W, at
the top of the frictional boundary layer (by integration of the
horizontal equations of motion with respect to 2),

i

yjm—i

donde T_es el esfuerzo de superficie. Sin embargo, puede com-
probarse que esta fdrmula sdlo sirve para nidmeros de Rossby
relativamente pequefios, es decir, para flujo casi-geostrdfico.
En consecuencia, no hay sino ¢l previamente obtenido.

5. La s0LUCKIN DE LAS ECUACIONES DE PERTURBACION. Las e-
cunciones de movimiento son formuladas para un modelo a
dos miveles en que m y B son determinadas a 250, 750 v 1 000
mb {La cima de la capa de friccidn) y y es determinado a 500 v
1000 meb. 51y =y ir) e™ v los valores a 300 v 1,000 mb son
denotados por los indices 2 v 4 respectivamentc, las ecuscio-
nes de perturhackin para @, v ¢, son

dR

Sz,

where T is the surface stress. However, this formula can be
shown 10 hold only for relatively small Rossby numbers, ic..

fior quasi-geostrophic fow. It therefore reduces to the one pre-
viously obtained.

5, THE S0LUTION OF THE PERTURRATION EQUATIONS. The aqua-
tions of motion are formulated for a two-level model in which
mond 9 are determined at 250, 750 and 1,000 mb {the wop of
the friction layer) and W is determined at 500 and 1,000 mb. If
W= (r) ™ and the values at 500 and 1,000 mb sre denoted by
the subscripts 2 and 4 respectively the perturbation equations
for y, and y, become

XTI R

R R

L i)

¥am(Selly,

donde L es una longitud cuyo valor depende de la existencia o
no-existencia de condensacidn, B es un radio no-dimensional,
il y 5 la frecuencia no-dimensional de veelo o/t . La longitud
I v la frecuencia o son dados por

where L is a length whose value depends upon the occurrence
or non-occurrence of condensation, R is a non-dimensional ra-
dius, r/! and § the non-dimensional frequency of flight /.
The length I and frequency o are given by

1
,;_[LHiél_ﬂﬂT
i -

P

Oy
'I.'n'-—‘- o]
Hm[ |

donde H s la altura de escala BT /g .

Se supone que tanto g como ., la temperatura

where M is the scale-height BT /g

It is assumed that both g and e . the equivalent poten

57
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potencial equivalente en sauracidn, son funciones lin-
eales de 7.

En la regitn & < A de movimiento medio ascen-
dente v condensacidn activa

5 Em S+ 5 3
L Lt 2R

L=—-
donde
k=1

¥ en la regidn 8 > A de movimiento medio descendente,
donde el flujo es adiabdtico seco

U's=

La solucidn de (1) para R < A, sujeta a la condicidn
de desvanecimiento ¢, en R =0, es

y. . A.m.[-‘?-]

v su solucidn para R > A, sujeta a la condicidn de des-
vanecimiento W, en R = = , e5

tinl temperature at saturation, arc linear functions of 7 .

In the region & < A of upward mean motion anmd active
condensation,

£

a+l

where

dindy

S+: mll
5+;

I

-~

and in the region B > A of downward mesn motion, whene the
flow is dry sdiabatic,

The solution of (1) for B < A, subject to the condition
of vanishing y.at 8 =10, is

L,

and its solution for B > A, subject 10 the condition of vanishing
¥, at R==is

[ g
i LT i
asantz]

La continuidad de ¥ v pen r = A, da cntonces la ecua-
cidn de eigenvalores,

hlArL,)

Continuity of i and prat r = A then gives the eigenvalue equa-
Lign,

(AL ]

J(AIL,)

relacionando § a los pardmeiros A ¥y B para x dados.
Encontramos k= 1.1 por las condiciones en la atmdsfera
tropical en la latitud 15° en la estacidn de huracanes.

6. Discusion peE REsULTAROS, La Fig. | contiene grificas
calculadas con la ecuacidn (2) de o/w como funcidn de
A/l para diferentes valores de . Tomando f=0.377x 10+
seg’ .= 15%, Fo = 1,000 mb, H = 8.0 Km. encontramos
Dy = J2A/f =073 Km ¥ o = sin 200 (D JH) f= 1.72 x 10°
seg’ . Dichos valores son usados para determinar las es-
calas de las cantidades dimensionales & ¥ .

En la figura puede verse que ¢l valor miximo de o
queda en el rango 10# - 107 sec” , multiplicindose otras
tantas veces en el rango de diez a un dia para p en el
rangs 0.7 - 0.8, Los indices de crecimicnio se hacen
mucho mis altos al aproximarse g a | y de hecho se
hacen infinitos para o finita cuando p = 1/x=091, Sin
embargo, los valores de j mavores que 0.8 parecen ser
no realisticos,

§i se supone que | es 0.8, se obtienc el indice de
multiplicacidn o' = 2.5 dias y el radio a= 100 km en que

ks
L_ H|I|I'{r'.|‘.l ] L]

(2}

relnting ¥ 1o the purnmeters A and ji for given &, From condi-
tions in the trogacal atmosphere af latinode 15° inhe hurricanc
season we find k= 1.1,

. Discussos oF RESUVLTS. Figure | contains graphs computed
from equation (2) of @/w as a function of AT for different
values of p Taking f= 0377 x 10 sec” ,a= 15", o =
1000 mb, H = 80 Km we find B, = 2ZA/f = 0.73 Km and
i m sin 20t (DH) f= 1.72 x 10 sec”, These values arc used
io determine the scales of the dimensional quantities @ and .

It i seen from the figure that the maximum value of o
lies in the mage 10° - 107 sac” |, giving an e-folding time in
the range ten doys to one day for | in the range 0.7 - 0B, The
growth rates become much higher us [ approaches |, and in
fact become infinite for finite & when L > L/'g = 091, How-
ever, values of p larger than 0.8 appear to be unrealistic,

If it is assumed that y is 0.8, one obtain the e-folding
time, o' = 2.5 days and the radius, a = 100 km at which the
growth rate levels off, These values are in the Aight mnge for



se nivelan los indices de crecimiento. Dichos valores
estdn en ¢l rango adecuado para la depresidn pre-huri-
canada. A mucho méis pequefios valores de a. la fric-
cion ya no actla para desestabilizar ¢l sistema v o debe
disminuir en realidad ¢como sucederia 51 K fuera a tender
hacia cero con &, En consecuencin, podemas aceptar el orden
de magnitd o= 100 Km como aproximandose a la dimension
de la region convectiva activa de la perturbacidn inestable.

El indice de crecimiento 0 = 4.6 x 10 seg’, que co-
rresponde a = 0.8, esti en marcado contraste con el valor
(=gdlng, /d:z)? = 142107 sec™ (indicado en la esquina supe-
ror izquicrda de la figura por una barma horizomtal) que se
aproximis al valor de la celda de cumulus mieniras el radio de
corriente ascendente disminuye a cero, Por ello, se trata de dos
fendmenos totalmente distivos, con inestabilidad gravitacio-
nal simple en un ambiente himedo en un caso ¥ con el sistema
de cumulus en depresiin cooperativa causados en el otro,
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the pre-hurricane depression. At very much smaller values
aof ¢t friction no longer acis to destabilize the system, and o
should in reality decrease, as it would if K were 1o 1end toward
zero with . We may therefore accept the order of mag-
nitude « = 100 Km as approximating the size of the active
convective region of the unstable disiurbance,

The growth me o=46x10° sec'. comespond-
img w p = 08 is in marked contrast o the value
(~gding, /dc)7 = 140107 sec™ (indicated in the upper left
comer of the figure by a horizontal kar) which is approached
by that of the cumulus cell as the updraft radius diminishes 1o
zero, One is dealing with two physically distinct phenomena,
with simple gravitational instability in & moist environment
on the one hand, and with the Trictionally driven, cooperative
depression-cumulus sysiem on the other.
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RESUMEMN

S¢ considera el desarrollo de un ciclén tropical como un proceso cooperativo entre la conveccion a escala de nubes
como fuente de energia y el movimiento a escala de ciclén come mecanismo para organizar la conveccitn de nubes. Para
formular el acoplamiento entre ambas escalas de fendmenos diferentes solo en 1énminos de campos a gran escala se clabora
la hipdtesis de que la distribucion estadistica y la intensidad media de la conveccitn de nubes estin gobernadas por la con-
vergencia a gran escala del aire caliente y himedo en una capa de superficie mientras la transferencia vertical de calor v
masa debida a nubes se determina por un modelo hipotético de la misma conveccion de nubes. Tales hipdtesis se incorporan
en un sistema fluido que consiste en dos capas de fuido homogéneo incompresible de diferentes densidades ¥ una capa de
frontera que representa separadamente el efecto de friccidn superficial. La circulacidn a gran escala de un cicldn tropical se
representa por un vidrtice simétrico casi equilibrsdo v circular v la circulacidn transversa en el vértice es inducida por friccidn
interna v superficial ¥ por efecto de la hipotética conveccidn de nubes. Los resultados del andlisis lineal de la penurbacidn
e ¢l modelo son bastante razonables. Sin embargo, los resultados de integracidn numérica indican la necesidad de mejorar
algunas panes del modelo si va a reproducir un ciclén ropical completamente desarrollado,

ABSTRACT

The development of a tropical cyclone is viewed as a cooperative process between the cloud-scale convection as the
energy source and the cyclone-scale motion as the mechanism of organizing the cloud convection. In order 1o formulate the
coupling between the two different scales of phenomena in terms. of the large scale fields alone. it s hypothesized that the
statistical distribution and mean intensity of the cloud convection are controlled by the large scale convergence of the warm
and maist air in a surface laver, while the vertical transfer of heat and mass due 1o the clouds are determined from a hyvpo-
thetical model of cloud convection itself. These hypotheses are incorporated into a Muid system which consists of wo layers
of incompressible homogeneous fluid of different densities and a boundary laver to represent the effect of surface friction
separately. The large scale circulation of a tropical cyclone is represented by a quasi-balanced and circular symmelnc vor-
tex, and the transverse circulation in the voriex is induced by internal and surface friction and by the effect of hypothesized
clowd convection. The results of lincarized perturbation analysis of the model are quite reasonable. However, the results of
numerical integration indicate need of improvement in some part of the model, if a fully developed tropical eyclone is to be

reproduced by the model.
INTRODUCCION

Uno de los problemas de mayor intenés en la dindmica
de los ciclones tropicales es entender ¢l proceso hidrodindmico
o través del cual se desarmolla el movimienio a escala de ciclén
utilizanco la energia de calor latente liberado por nubes convec-
tiviss, Ya que la aceleracitn boyvanle en ascemo hdmedo ines-
table s6lo origina la conveccidn a escala de nubes, no puede
considerarse 4 In circulacitn a gran escala impulsada directa-
mente por la fuerza boyante. La estabilidad estitica a gran es-
cala no ¢s realmente inestable de manera necesaria en una capa
profunda. Ademis, las condiciones para una posible inestabili-
dad dindmica quedan satisfechas en todo caso para una regitn
bastante limitada dentro del cickin. Por ello, no parcce probahble
que el desarrollo del cickin tropical pueda explicarse por com-
pleto a base de inestabilidad hidrodindmica. Méis bien parece
que la circulacidn cicldnica en su totalidad es un vértice casi
equilibrado e inducido por calentamiento diferencial debido a la
distribucidn organizada de nubes convectivas.

5 este punto de vista ¢s cormecto ol mecanismo bidsico
para desarrollo de un cicldn tropical, excepto su estado inci-
piente como perturbacidn en alisios tropicales, depende de su

fil

INTRODUCTION

Ome of the major problems of interest in the dynam-
ics of tropical cyclones is to understand the hydrodynamical
processes through which the cyclone-scale motion develops
utilizing the latent heat energy released by convective clouds.
Since the buoyant acceleration in unstable maoist ascent is re-
spansible only for cloud-scale convection, the large scale cir-
culation cannot be considered driven directly by the buoyant
force. The large scale static gability is, in fact, not necessary
unstable in a deep layer. Furthermore, the conditions for possi-
ble dynamic instability are satisfied in, if any, a rather limited
region within the cyclone. Therefore, it appears unlikely that
tropical cyclone development can be explained entirely on the
basis of hydrodynamic instability. It scems more likely that
the cyclone circulation as a whole is a quasi-balanced vortex
induced by the differential heating due 1o the organized distri-
bution of convective clouds.

If this polnt of view is cormect, the crucial mechanism
for growih of a tropical cyclone, except for the incipient stage
s @ disturbance in the tropical casterlies, must lie in its own
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propia habilidad para organizar la conveccion de nubes y para
perpetuar el calentamiento diferencial manteniendo una fuente
constante de humedad. Este mecanismo abarca varios tipos
de procesos fisicos, especialmente en dindmica de nubes v en
interaccidn de frontera entre atmdsfera y mar, Aungus ambos
campos s¢ estudian ahora de manera intensiva, lo que s¢ sabe
A PUFECS Fedqueerir un experimento numérico iodal. No obstan-
te, podemos comenzar investigando la dindmica de ciclones
tropicales a lo menos en términos de rasgos a gron escala ¥
simplificando o haciendo hipdtesis sobre dichos procesos fisi-
L,

Hasta hace poco los estudios dindmicos sobre ciclones
tropicales se apovaban en su mayorfa en el comun supuesto de
que la liberaciin de calor latente vablorade de manera directa
en el movimiento o escala de cicldn podia substituir al papel
energdticn de nubes convectivas. A la lue de frustrados ex-
perimentos en tibes estudios porece ahorm esencial en cualquier
modelo dindmico que se incorpore el hecho observado de que
el mecanismo primario para liberar cabor lamente es ka libre con-
veccidn en forma de nubes en cumulus, asngue el modelo no
s¢t reficra explicitamente a nubes individunbes. Ademis de ese
dificil problema de conveccidn de nubes existe el viejo proble-
ma de trunsferencin wrbulenta que tambidn requiere formu-
Ixceon hipotética. Un modelo dindmico que debs construirse
con varas hipdesis respecto a procesos insuficientiemente co-
nacidos es cienamente menos preciso que o deseado, Aungue
coda hipdtesis debe mejorarse con ¢l progreso en cimpos es-
pecificos, los experimentos numiticos con tal modclo mmbidn
permiten orientarse a otros desarmollos comprobando las conse-
cuencias dindmicas de cualguier grupo panticular de hipdeesis
seleccionadas.

SUPUESTOS BASICOS DEL MODELD

Para comiprobar de manera especifica nuesiras opiniones
béisscas sobre desarrolio de ciclones especiales se ha construido
un modelo simple. Consiste en dos capas principales de Auido
homogénen incompresible con diferentes densidades v una
capa de frontera en el fondo, que se ha introducido para for-
miular bos efectos de friccidn on la superficie del mar en forma
sencilla. El movimienio de las capas principales se supone casi
equilibrado ¥ simétrice circulanments. La circunvalaciin trans-
versa en el varice equilibrado es inducikda por efectos simula-
dos de nubes convectivas vy friccidn intemna v superficial, El wso
de fluido incompresible ¢s una seleccidn arbitraria para indi-
vidualizar ¢l modelo fisicamente mas que por cilculo, Bl mod-
elo ¢ muy similar hidrodindmicamente al modelo de Eliassen
(1952) para la circulacidn general. Los rasgos principales que
caracierizan al presente modelo como apropiado para ciclones
tropicales son el tratamiento hipdtetico de la conveccitn a es-
cala de nube como fuenie de energia para movimento a gran
escala v i noturabeza del acoplamiento entre ambos,

Una gran parte de la circulacidn de masa que entra en un
cicldn tropical tiene lugar en una capa relativemente somera
sobre la superficie del mar, como resultado de friccidn super-
ficial. Existiendo una alta temperatura potencial equivalente
en dicha capa se desarrollarin altas nubes convectivas en la

ahility to organize the cloud convection and 10 perpetuate the
differentinl heating by maintaining o continuous supply of
misture, This mechanism involves various types of physis
cal processes, especially those in clowd dynamics and in the
boundary interaction between the atmosphere and the sea,
Although both fields an: currently under intensive study, the
amount of available knowledge does not seem 10 warrant an
all-inclusive numerical experiment al present, Mevertheless,
we may start investigating the dynamics of tropical evclones,
of least in terms of large scale features, by simplifying or hy-
pothesizing the involved physical processes,

Until recently, most of the dynamical studies of wropical
cyclones were based on a common assumplion that the release
of Iment heat evaluated directly from the cyclone scale mo-
tion could be substituted for the energetic role of convective
clowds. In the light of the frostrating experiences in these stud-
s, i pow appears to be essential for any dynamical modkel
to incorporale the observed fact that the primary mechanism
of releasing the latent heat is the free convection in the form
of cumulus clouds, even though the model may not explicitly
refier 10 individual clowds. Besides this difficult problem off
clond convection, there is the long standing problem of tr-
bulent transfer which also requires hypothetical formulstion,
A dvnamical model which has 1o be construcied on a number
of hypotheses concerning insufficiently Enown processes is
certainly less precise than is desired. While each hypothesis
should be improved with progress in specific fields, numerical
experiments with such o model can also provide us with clues
1o further improvements by testing the dynamical consequenc-
es of any particular set of hypotheses chosen.

BASIC ASSUMPTIONS OF THE MODEL

In order to test our basic views on the development of
tropical cyclones more specifically, a simple model has been
consiructed, [t consisis of wo main lavers of incompressible
homogencous fuid with different densities and o boundary
laver a the bottom, The latter is introduced in order 1o fors
mvulate the effects of frction al the sea surface in a simpli-
fied way, The motion in the main [avers are assumed to be
quasi-balanced and circularly symmetric. The trunsverse cir-
culation in the balanced vortex is induced by simulated effects
of convective clowds and by internal and surface friction. The
use of incompressible fluid is an arbitrary choice to discretize
the model physically rather than computationally, The model
15 hydrodynamically very similar 1o Eliassen’s (1932) model
of the general circulation. The principal Features which char-
acterize the present model as an appropriste one for tropical
cyclones are the hypothesized reatment of the cloud-scale
convestion as the energy source for the large scale motion and
the natwre of the coupling between them,

A larpe proportion of the inward mass flux in a tropi-
cal cyclone occurs in a relatively shallow layer above the sea
surface as the result of surface friction. Because of the high
equivalent potential temperature in this layer, tall convective
clouds will develop in the region where the large scale surfiace



regidn en que converge I cinculacion endrnte a escaln de superfi-
cie. Sin embango, el fujo venical de cabor v masa debido a nubes
convectivas no puede ser determinade por las propiedades del
campo a gran escala, a menos de suponer propiamente ol gin mo-
deldo de nube de conveccion v en (al periodo preliminar de nuestro
estudio e preferible un modedo sencillo a otro complicado.

Cuando se levanta cienta porcidn de aire desde la capa
de superficie v se inicia la condensacion, s¢ acelernnt el movi-
miienlo pscendente en Lo tropdsiera baja, donde el gradiente de
temperatura ¢ mayor que el correspondiente grodienle adi-
abdtico del aire himedo. Sin embargo, la temperatura interior
de la nube no es mucho mis alta que en sus cercanias, como
se esperaria del mévodo clisico, ya que la aceleracidn produce
arrastre dindmico del aire ambiental que no esid satursdo v
requiers calor pars continuar en la corriente ascendente. Por
ello, I epergia de calor latente liberada en la parte inferior
de ln nube no puede calentar el aire ambiental en los mismos
niveles, pues el calor ¢s llevado hacia armiba por la mayor co-
rriente de masa dentro de la nube. Al desacelerarse la cormients
ascendente en la parte superior de 1a nube, el aire que viene de
ahajo s¢ convierte en aire ambiental a esos niveles.

Aplicando este simple cuadro de conveccidn de nubes al
presente modelo de ciclén debe asociarse la capa més baja con
niveles de arrasire hacia nobes y 1o capa mds alta con niveles
de desprendimiento. Aungue ni la temperatura ni la humedad
se consideran explicitamente en el modelo, el efecto energé-
tico de nubes convectivas puede introducirse por meclio de
circulacion de masa a través de la interfase de ambas capas,
Mis especificamente, para cada masa unitaria de fluido des-
prendida desde Ia capa de superficie a la inferior, se suponen
7 unidades de masa que cambian de densidad v entran en las
cipas superiones. Puesio que el volumen especifico de un Nuido
incompresible es en tales circunstancias andlogo a ln tempera-
tura potencial de la atmdsfera, la reduccidn en densidod del
Auido corresponde al calentamiento diabdtico. Bl factor de ar-
rastre 1 puede determinarse por el anterior modelo de pubes
por analogia si los campos de temperatura ¥ humedad o gran
escala se suponen conocidos. Digamos que la temperaturn po-
tencial equivalente en promedio del aire superficial s (8., el
de: la capa mis bajaes (8)), v el de la capa mds akia (8], el fac-
tor de prmastre puede expresarse por

_la. ), ~{a.),
(8. ), ~ta.),

Una estimacidn aproximada que s¢ basa en Jos datos me-
dios de verano sobre las Indias Occidentales (Jordan, 1958) da
a7 un valor entre tres ¥ custro,

Debs notarse que las nubes convectivas se suponen aquf
similares en su totalidad y alcanzando altura predeterminada.
MNormalmente, en modelos dingmicos de conveccitn de nubes,
se considera su altura como algo que puede predecirse mis que
manifestarse y a pesar de ello, para pronosticar especificamente
I altura de una nube debe suponerse su dimensidn horizontal.
Consecuentemente, la presente discusitn es mds prictica que
profunda. 5in embargo, las alturas de las nubes convectivas
en un ciclén ropical no son ciertumente uniformes. En par-
ticular los pequefios cumulos pueden no ser imporiantes en
términes de la cantidad de calor que producen, aungue pueden

a3

A thmamical moded for the stndy of wopical cyelone: developmen

inflow converges. However, the vertical flux of heat and mass
due 1o the convective clouds cannot be determined from the
large scale ficld properties, unless some model of cloud con-
vection itscll is assumed. At this preliminary stage of our
study, a simple model is prefemed o an elaborate one,

Wihen a parcel of air is lifted from the surface layer and
condensation starts, the upwards motion will be sccelerated in
the lower troposphere where the lapse rate is steeper than the
moist adiabatic lapse rate of the parcel. However, the lempera-
ture inside the cloud is ot 30 much higher than the surround-
ings as expected from the classical pared method, because the
aceeleration results in dynamical entrainment of environmen-
tal air which is not saturated and requires heat 1o remain in the
updraft. Therefore. the latent heat energy released in the lower
pan of the cloud is not considered o warm up environmen-
tal air ot the same levels. Instead, the heat is carried upward
by the increased mass flux inside the cloud. As the updralt is
decelermied in the upper part of the cloud, the air pumped up
from below is wrned into environmental air at those levels.

In applying this simple picture of cloud convection 1o
the present cyclone model, the lower layer is to be associated
with the levels of emrainment into clouds and the upper layer
with the levels of detrainment. Although neither temperature
nor humidity is explicitly carried in the model, the energetic
effect of convective clowds can be introduced by means of the
mass flux across the interface of the two lavers. More specifi-
cally, for each unit mass of fluid lifted into lower layer from
the surface layer, 1 units of mass are assumed to change densi-
ty and 1o enter the upper layer, Since the specific volume of an
incompressible fluid is, in these circumstances, analogous o
potential temperature of the atmosphere, reduction in density
of the fluid coresponds 1o diabatic heating, The entrainment
factor, 7. can be determined through the above cloud model by
analogy. if the large scale fields of temperature and humidity
are assumed known. Namely, if the average equivalent polen-
tial temperature of the surface air is (8, that of the lower
layer (8.}, and that of the upper layer (8}, , the entrainment
factor may be given by

(1

A rough estimate, based on the summer mean data over the
West Indies (Jordan, 1938), gives 1) a value between three and
four,

It should be noted that convective clowds, here, are as-
sumied all alike and to reach a predetermined height. Normally,
in dynamical models of cloud convection, the cloud height is
regarded as something o he predicted rather than to be given.
However, in order 1o predict the height of a cloud specifically,
an assumption has to be made about the horizontal dimension
of the cloud, Therefore, the present approach is more practical,
if not profound. However, the heights of convective clouds ina
tropscal cyclone ane certainly not uniform. In particular, small
cumuli may not be important in terms of the amount of heat
they produce, but they can gradually modify environmental
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modificar gradualmente los campos ambientales afectando
la conducta de nubes mis altas a largo plazo. En el presente
modelo faltan ese ¥ olros mecanismos que llevarian a la va-
nacién del factor de arrastre. Tan grande simplificacion debe
corregirse en el futuro,

FORMULACION MATEMATICA DEL MODELO

A menos que sea indicado especificamente, las canti-
dades con indice 1 se refieren en Lo que sigue o la capa inferiorn
(de las dos capas principales) ¥ con el indice 2 se neficren a la
capa superior. El indice simbdlico f se usard suponiendo = 1 y
2 . cunndo haya referencias por igual a las dos capas, El espe-
sof de cada capa h , la componente tangencial de velocidad v,y
la componente radial i, S luncidn del tiempo f v del radio r.
La densidad de la capa mdis baja se supone que sea lo unidad ¥
de la capa mds alia B va gue ¢l valor absoluto de la densidad no
o5 importante en este modelo, Al medir 1a estabilidad estitica
intema o = | - B debe resultar positiva.

La circulacion de masa “dinbdtica” entre b capa inferior
¥ la superior, que representa el efecto de colentamiento por
nubes convectivas por dren unitaria, queds indicado por 2,
Para simular enfriamicnio por olros procesas fisicos puede in-
troducirse la circulacidn de masa en direccin contraria 2, en
favor de la generalidad. La ecuacidn de continuidad para cada
Capa puede expresare como sigue

8|

d d

) relr
donde y, v W, son las circulaciones radiales en vohsmen (posi-
tivas hacin adentroy por radisin unitano en las dos capas prin=
cipales que son definidas por

|
L Y "'Elﬂ': -0;)

ficlds 5o that behaviors of wlier clowds will be affected in the
long run. In the present model, this and other mechanisms
which would lend 1o variation of the entrainment facior is lack-
ing, This oversimplification should be corrected in the futune.

MATHEMATICAL FORMULATION OF THE
MODEL

In the following, unless othervise specificd. quantities
with the subscript | refer (o those in the lower layer (of the two
main lavers) and quantitics with the subscript 2 refer o thase
in the upper layer. The symbolic subscript j will be used, im-
plying j= 1 and 2, when references are equally mode 1o both
layers. The thickness of each layer, b, the tangential compo-
nent of velocity 'pll.am:l the radial eoam fl, ur, afe fupctions
of ime, 1, and radivs r. The density of the lower laver is as-
sumed to he unity and that of the upper layer, 8, since the abso-
luite valse of density 15 nolL important in this model, A measure
of internal siatic stability, & = | - B, should be positive.

The “diabatic”™ mass Aus from the lower laver o the up-
per, which represent the effect of heating by convective clouds
per unil area, 15 denoted by £, In order to simulate cooling by
other phvsical processes, lhe mass flux in the reverse direction,
2, may he introduced for the sake d generality. The equation
of continuity for each laver is, then, written as follows:

_.8 2
hl —El" |_tﬂ:_ﬂl}+ i‘ﬂ.l""l n

2)

where W, and , it radian in the two main layers, which are
defined by

¥ o= =g

¥ Wi, 5 la circulacidn radial en la capa de superficie. Ya que ¢l
espesor de la dltima capa se supone constante, la velocidad ver-
tical w, por encima de la capa de superficie se expresa simple-
mente por

and vy, is the radial fux in the surdface layer. Since the thick-
ness of the a8t layer is assumed o be a the vertical velocity,
W, at the 1op of the surface layer is simply given by

a

Wo === o

ror

5i la velocidad vertical w, es posiliva puede suponerse
que les nubes de conveccidn crecen sobre tales dreas v que ¢l
calor y la masa son transportados por ellas a la capa superior,
Por olra parte, si w, es negativa, no puede suponerse que hayi
actividad apreciable de conveccidn de nubes. Asi, bajo tales
supuestos que introdujeron ¢l factor de amastre 1. la circu-
lacidn de masa dishitica (0, queda expresada por

b e,

h= 0

Las ecuaciones de movimiento para la compongnte tan-
geneinl se expresan como sigue, al lomarse én cuenia vana-
ciones en el espesor ¥ supuesto cambio de masas entre ambas
capis:

I the vertical velocity, w,, is posiin ¢, it Is assumed that
convective clowds grow over such arcas and that hend and
mass arc iransported by thrm to the upper layer, On the other
hamd, if w, is negative, no significant activity of cloud convec-
tion is assumed to occur. Then, under the previous assump-
tions which introduced the entrainment factor, 1. the diabatic
mass flux, @, . is given by

g w, =0
if w,s0 {3}
The eguations of motion for the tangential component
are written as follows, due account being taken of the variation
in the thickness and the assumed exchange of mass between
the two lavers:
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donde la vorticadad T . la transferencia vertical de inercia an-
gular dehida a deformacion vertical ¥ cambio de masa Z v la
transferencia radial debida o vértices laterales Lf. g2 definen
COMmo sigue
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(7+50)
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where the vorticity § . the ventical transfer of angular momen-

tum doe to the verdical shear and ihe moss exchange, zx, ugild

the radial ransfer due o the lateral eddies, .LJu.n: diefined as

fiolbioavs:

Z,=rlv - I-'.}{I'I'l-EJ]'
afv
.r.,-1ja,_—’a[-r-'-J

5S¢ supone en la amerior que las fuerzas de friceldn son linea-
les con cocficiente constante |, &, y A,. El esfuerzo tangen-
cial debido o deformacidn vertical en la interfase es dado por
piv,- v} en tanto que A, y A, son los cocficientes de viscosidad
cinemitica de virtice en las capas respectivas que se deben a
virtices latentes.

El papel mis impornante de las ondas de gravedad en
un cickim iropical lo tenen las omndas de gravedad internas in-
estables, las cuales pueden originar nubes convectivas libres.
Puesto que sus efectos se toman en cuenta, todas las ondas
de gravedad poeden eliminarse en el modelo, el cual pretende
representar solamenie bos cambios lentos. Tal eliminacidn se
logra generalmente usando la ecuacidn de balance v, en el caso
de simetria circular, la ecuacidn de balance se reduce a la e-
cuacidn de gradiente del viento.

¥ |
S

donde fes el parimetro de Coriolis v los geopotenciales 9, s
definen por

In the above, frictional forces are assumed 10 be linear with
constant coefficients, g, &, and .. The tangential siress due
to vertical shear at the interface is given by piv.- v}, while &,
and A are the kinematic eddy viscosity coefficients due 1o the
tareral eddies in the respective layers.

The most important role of gravity waves in a tropical
cyclone is played by unstable imernal gravity waves which
give rise to the free convective clouds. Since their effects are
laken into account otherwise, all the gravity waves may be
eliminated in the model, which is intended 1o represent only
the slowly changing fields. This climination is achieved gen-
erally by the use of the balance equation and, in the case of
circular symmetry. the balance equation is reduced to the gra-
dient wind equation

fo=glh +qh,)

fs 'E['&l"'ﬁzﬁ

Y que 1a condicidn de equilibrio (5) se supone constan-
te para todo tiempo. las circulaciones radiales i, y Wy, deben
determinarse de tal manera que ln variacida en tempo de las
velocidades tangenciales pronosticadas por (4) v de los cam-
pos e cspesor por (2) sean consistentes con (5),

Las condiciones de consistencia s¢ oblienen en la
siguiente forma;

> (5)
where f is the Coriolis parameter, and the geopotentials § are
defined by :

{6)

Since the balance condition (3} is assumed to hold for
all time, the radial Nuses W, and y, should be ddermined in
such a way that the time vanation of the tangential velocities
predicted by (4) and the time variation of the thickness fields
predicted by (2) are consistent with (5).

The consistency conditions are obiained in the follow-
ing form:

re{ St s))-ax =

YL TR,

donde

whene

A -[Jr+£:i]{j+z,]{ghj :|_I
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¥ los términos del lado derecho B, y B, no contienen ¥ y,,
¥ representan combinsciones de los rminos forzados térmico
vy friccional, Para resolver (7)) para las circulaciones radiales,
pucden suponerse las siguientes condiciones de fronlera:

¥, =0 5
donde r_ o5 un radio suficientemente grande. Si tanio A,
como A, Son positivos, las panes homogeneas de (7) poseen
una imtegral positiva definida que permite una solucidn dnica,
bajo las condiciones de frontera dadas. En los cdlculos reales
la vorticidad absoluta en lo copa superior s¢ hace pegativa en
un intervalo limitado de radios, Sin embargo, no ha introdu-
cido dificultad para resolver una ecuacidn en diferencias fini-
1as andloga a (7). Debe notarse que k2 unicidad de Ia solucidn
analitica en este caso, ambién puede demostrarse 5i la magni-
wd del A, negativo es pequedia,

Para una especificacion compléla del presente modelo
w¢ requiers offa ecuacion que determina la circulacidn que
ingresa en la capa de superficie. Charney v Eliassen (1949
introdujeron un método aprosimsdo para determinar ¢l trums-
porie de masa irns-isohkirioo en la capa de Trontera planctaria
sin calcular detalladamente 1a estructurs del viento pero man-
teniendo la aproximacion casi-geostrdfica. El mismo método
Fug usado también por Eliassen { 1959) en su estudio de fronto-
giénesis. 5i ese método aproximado 2 aplica al presente caso
de un Aujo casi-balanceado, cicularmente simétrico, la cirou-
lacidn radial friccional y, debe determinarse por la ecuacion

r=1]

and the right-hand side 1erms, 8 and B, do not contain y, and
W, and represcnt combinations of the thermal and the fric-

tional forcing terms. In order to solve {7) for the radial fluxes,
the following boundary conditions may be assumed:
y a

F=r

and af o

where r__ is a sufficiently large mdius. If both A, and A, are
[m-:t'ﬂc ~the homogeneous parts of (7T) possess a puﬂuw: ~defl-
nite integral, from which unigqueness of the solution under the
given boundary conditions is easily proved, In actual numer-
cal computations, the absolute vorticity in the upper layer has
been found o become negative in a limited interval of radii,
However, it has not coused any difficulty in solving a fnite-
difference analogue of the equations (7)., [t may be noted here
that unigueness of the analytical solution in such a mixed case
also can be demonstrated if the magnilde of negative A, is
small.

For a complete specification of the present model, one
more equation 15 required in order o determine the surface
layer inflow, Charey and Eliassen (1949 introduced an ap-
prosimate method which determines the cross-ischaric mass
transport in the planetary boundary laver withoul compuling
detailed wind structure and still maintaining the quasi-geo-
strophic approsimation, The same method was used again by
Eliassen (1959 in his study of frontogenesis, IF this approxi-
mate method is applied to the present case of a circular sym-
metric, quasi-halanced flow, the Trictional radial Mux, v, is 1o
be determined from the equation

(f+z.ly o =Cplnlwr (8}

donde [a componente angencial del esfuerzo de superficie se
supone proporcional al cuadrado de viento gradiente y C |, es
el coeficiente de armastre,

Sin embargo, por desgrocin los resuliados de la inte-
grackin numérica con ¢l modelo muestran que la validéz de
la aproximacion (8) es coestionable ya que la circulacidn cal-
culada crece mucho. Mds adelante se conmentard este aspecto
en el irabajo.

ANALISIS LINEAL DE LA PERTURBACION
EN EL MODELO

El presente modelo del desarrollo de ciclones tropicales
supone una perturbacion pre-exisiente de fuerza finita antes de
que actien los mecanismos considerados. Consecuentemente,
el modelo no pusde aplicarse a una etapa muy temprana de las
perturbaciones iropicales, aungque todayia sea il ¢ inleresante
examinar algunas de sus caracteristicas dindmicas por medio
de un sistema linealizado de ccuaciones, sobre ¢l supuesto que
las amplitedes de campos de movimiento son infinitamente
pequeiias. Para no bormar ¢l efecto de friccidn superficial del
sistema linealizado, el esfuerzo de superficie se supone pro-
porcional a la vebocidad del viento. En favor de la simplicidad,
pero sin alterar el cardcter hisico del modelo linealizado, puede

where the iangential component of the surfece siress has been
issumed to he proportional to the square of the gradient wind
and C, Is the drag coefficient.

Unfortunately, however, resulis of numerical integration
with the model has shown that validity of the approximation
{8} becomes questionable as the computed circulation grows
fairly strong. Further comments on this will be given kaer in
ihe paper.

THE LINEAR PERTURBATION
ANALYSIS OF THE MODEL

The present masdel For tropical eyclone development as-
sumes a pre-existing disturbance of finite strength before the
mechanisms considered in the model take over, Therefore, the
model should not be applied 10 a very early stage of tropical
disturbances. However, it is still useful and interesting o ex=
amine some dynamical charactenstics of the model, by means
of the linearized system of equations, under the assumption
that amplitudes of motion Aelds are infinitesimally small. In
order not to wash oul the effect of surface friction of the linear-
ized system, the surface stress is assumed to be proportional 1o
the wind speed, For the sake of simplicity, hut without altering
the hasic character of the linearized model, slab symmetry on
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suponerse una placn simétrica en coordenndas canesianas, canesian coordinates may be assumed. Then, the equation (8)
Asi, la ecuacidn (8) serd reemplazoda por is reploced.

Y o=
donde & s el coeficiente lineal de friccidn. Parm facilitar e ra- where & is the linear friction coefficient. For the sake of math-
bajo matemdtico, sungue no sea necesario, la fdrmuola condi- ematical expediency, although it is not necessary, the condi-
cional (3) se reemplaza por tional formula (3) is replaced by

@ =hw,
para cualquier signo de w,, El enfrinmicnto Q| es igual a cero, for either sign of w,. Cooling, 0., is taken to be zero,

Yo que ¢l modelo de anpdlisis lineal, incluyendo la forma Since the method of linear analysis, including the sino-
sinuisoidal de las soluciones, ¢s uniforme, no se reproducirin soidal form of solutions, is standand, details will not be repro-
agui los detalles. La ecuacion caracteristica de la tasa de desar- duced here. The characteristic equation for the growth mte. ¥,
rello y 52 ebviene en la forma is ohtained in the form

g’ +bg+omi
donde los cocficientes a, by ¢ dependen de las constantes fisi- where the coefficients a, & and ¢ depend on the physical con-
cas del modelo y de la escala horizontal de una perturhacidn, stants of the model as well as on the horizontal scale of a dis-
Se demuestra que ninguna raiz de la ecuacidn cuadsitica pue- turbance. It is shown that no rood of the quadratic equation can
de ser positiva o tener una parte real positiva sin n = | | pues be positive or have a positive real part if n s |, because all
ls tres coeficientes son entonces positivos. Por ello, three coefficients are, then, found positive. Therefore,
L

s una condicidn necesaria para que una perturbacitn se desar- is a necessary condition for a disturbance w grow. From lis
rodle. Por definicidn el factor de armastre 1 cuando es menor definition, the entrainment factor, 1, of less than unity im-
que la unidad implica que el aire ¢n la capa superficial no tiene plics that the air in the surface laver does nod have a sufficient
una cantidad suficiente de calor latente para levantarse hasta la amount of latent heat to lift iself o the upper layer, There-
capa superior. Por tal razdn, el anterior criterio implica Ia po- fore the above criterion implies that the possible existence of
sible existencia de altas nubes convectivas libres es necesaria tall, free convective clowds is necessary for the growth of a
para el desarrollo de una perurbacidn o escala de cickin. cyclone-scale disturbange,

Se obtiene una expresidn simple del coeficiente de de- A simple expression of the growth rate is obtained if wll
surrollo al suponer gue todas las fricciones internas equivalen internal frictions are assumed to he zero. For the scale of a dis-
acero. A la escala de una perturbacidn, la anchura media de la turbance, the half width of the region of ascending motion,
regién de movimiento ascendente | puede usarse si se asume i, may he used. Assume that the two layers are of the same
que ambas capas son del mismo espesor constante & cuando constant thickness, H , when undisturbed. Introduce Rosshy's
no ay perurbacicn, Inroddzcase el radio de deformacicn in- radius of internal deformation, 8, defined by
rea de Rossby R definido por

R=s gH/ f*
donde o s la medida previumente definida de estabilidad es- where & is the previously defined meassure of iMemal stalic
titica imema. Sio=01, g=98mseg* . HmSKmy f= stability. To=0.l.g=98 msec* . H=3Kmand f= 5 x
5 % 107 seg’, el radio de deformacidn R es de 1 4.00 Km. 10 s the radius of deformation, &, is 1 400 Km. Introduce,
Introdiizcase también el parimetro escalar no dimensional g also, the non-dimensional scale parameter, g , which is defined
definido por by

)z

i B

El indice de desarmllo se escrihe, pues, como The growth rate is, then, writlen as

k (h=1]-g°
= F 1+2g° +s g*

Es ¢laro otra vez en este caso especial que ninguna periur- It is clear, again m this special case, that no disturbance would
bacidn se desarrollaria a menos que 1 > | . Para perturbacio- grow wnless 1) > | . For disturbances of a few hundred kilome-
nes de unos cuantos cientos de kilo metros (en que ¢ < 1), ters (for which g° = 1), the growth rate is almost independent
los coeficientes de desarrollo son casi independientes de sus of their scales. For larger disturbances, the inertial stability
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escalas. Para periurbraciones mayores la estahilidad inercial

debada o la rodacidn terrestre se hace mis efectiva v por ello,

cuandon > | ala v puede haoerse negativo para perturbaciones
muy grandes cuyas escalas son comparables a B o mavores.

Cuando las fricciones internas, especialmente la vis-
cosidad de wortices laterales se toman en cuenta, las pertur-
baciones muy pequenias se hacen peculiares, En la Fig. | se
muestran cjemplos numénicos del coeficiente de desarmolio
en funcidn de la escala horzontal para diversos valores de 1.
Los volores supoestos de constantes fiscas, sdemis de bos ya
mencionados, son: 1a viscosidad de vinices laterales, A, = A,
= 10" m* seg’”; el coeficienie de friccion lineal para esflserzos
de superficie k= 1.5 x 107 m seg”’ (correspondiente a C, = |5
% 107 con velocidad de viento de 10 m seg') v el coeliciente
para el esfuerzo en la interfase g = 100" m seg’.

Los coeficientes de desamollo madxime del orden de 106
1o 10r seg” { o€l factor de multiplicacidn de uno a varios dias)
parcce muy razonable para ln etapa de desarrollo de ciclones
tropicales. Sin embargo, va que las curvas de coelicientes de
desarrollo se aplanan mucho para la escala entre 530 v 500 Km,
no tiene caso discutir cudl escala se prefiere. Para doterminar
el verdsdero tamafio de un cickin tropical, la no-linealidad del
problema parece ser un factor importante.

Fig. 1. Indice de crecmiento de una perfurbscidn de peguedia
amplitud en funcidn del mmafio bonzontal,

Fig. 1. The growth rate of a small amplinsde disturbance
as & Function of the horizontal slee,

ALGUNOS RESULTADOS DE INTEGRACION
NUMERICA

La integracién de tiempo en el modelo comienza con
un débil virtice dado. Las distibuciones de la velockdad tan-
gencinl o del espesor de cada capa pueden especificarse como
condicidin inicial, La distnibucidn concurrente del resto de los
campos csid determinada segin la ecuacidn diagndstica men-
cionada antes. Cada grupo de ecuaciones parm prevision (2)
o (4) puede aplicarse para pronosticar el AUEVO E3PESOF O o8
campos de velocidad para un pequefio periodo de iempo. ya
guee: hos Aujos radiales y, y W, se determinan de tal manera que
ambos prondsticos wean muluamente consistentes,

due to the earth’s rotation becomes more eMective. Therefore,
when 7 = |, the growth mte decreases as the scale increases
and eventually becomes negative for very lasge disurbances
whose scales are comparable w8 or greater.

When internal frictions, especially the lateral eddy vis-
cosity, are taken into account, very small disturbances become
damped. Mumerical examples of the growth rate as a function
of the horizonial scabe are shown in Fig, 1 for varous value
of 1. The assurmed values of physical constanis, besides those
ilready mmnmwd are: the lateral eddy viscosity, A =&, =
¥ m* sec'; the linear friction coefficient for .un‘fmr: saress,
k=135x I-IZIr m sec” (comesponding o C, = 1.5 x 10 with
wind speed of 100 m sec'); and the coefficient for stress at the
interface, i =mi0 m sec’,

The maximuom growth rates of the onder of 10 o 107
sec (or the e-folding time of one w0 a few days) scem to be
quite reasonable for the developing stage of tropical cyclones.
However, since the growth rate curves ane almost s for the
scale hetween S0 and 500 K, it has little sense to argue about
the most preferred scale, In determining the actual size of a
tropical cyclone, non-lincarity of the problem is likely w0 be
an important factor.
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SOME RESULTS OF
NUMERICAL INTEGRATION

The time integrion of the model begins with a given
weak vortex, The distribution of either the wangential velocit
or the ihickness of each layer may be specified as the initial
condition. The concurrent distributions of all the other fields
are determined from the diagnostic equations previously giv-
en. Fither set.of prognostic equations (2) or (4) may be applied
1o predict the new thickness or velocity fields for a small time
period, because the radial fluxes, g, and W, . are determined
in such a way that both predictions are mutually consistent.




Se repiten en su totalidad los procedimientos para ade-
lnntar ko integracidn en tlempo, Los cdlculos se hacen con bos
ancilogos on diferencias finita de a2 ecuaciones diferenciales.

5e ha hecho ln integracién numérica para varios casos
con diferentes grupos de valores de constamtes fisicas, espe-
cialmente del coeficiente de amastre, la viscosidad de vonices
laterales y el faclor de arrastre y también con algunas condi-
chopes iniciabes diversas, Durante el crecimients inicial de un
virtice débil los resultades caleulados generalmente coucuer-
dan en cada caso con o que puede esperarse de los resuliados
del andlisis linealizado. Sin embargo, al continuar ¢l creci-
miento, los campaos de velocidad caleutados para cada uno dan
lugar a peculiares distribuciones radiales. En los Figuras 2 y 3
s¢ muestran los resultados numénicos ¢n un caso de ejemplo.

13 mi
in
25

Fe ]

Fig. 2. Desarmollo de velocidades tnngenciales de |2 capa inferior
(rxgquierda) ¥y de ln capa supenior (desecha).

Los valores adoplados para algunas constantes fisicas
en dicho caso son: €= 1.5 x 100, 4 = A.=10° miseg”, =30
Las distribuciones iniciales de velocidades tangenciales, v, y
¥, ¢ muestran en [as curvas marcadas con O (hora) en los
diagramas derecho ¢ lzquierdo de la Fig. 2, respectivamente,
El crecimiento de los movimicnios circulares es muy lento
al principio, pero se acelera de modo gradual al sumentar v,
pues el esfverzo de superficie es proporcional al cuadrado de
v - Después de alcanzar ¢l médximo v, aunos 13 mseg’ o algo
asd, el crecimiento se acelern catnsirdficamente v ¢l cilculo se
detiene cn 9.7 horas desde el principio.

La causa directa para la detencidn es el desarmollo de i-
rregularidades del cdleulo. Sin embargo, la verdadera causa de
la dificultad claramente purece estar en la misma formulacion

A dynamical mudel for the study of tropical cvclone development

The whole procedures are repeated 1o advance the
integration further in ime. Actual computations are made with
the finite-difference analogees of the differential equations.

Mumerical integration has been performed for several
cases with different sets of values of the physical constants,
especially of the drag coefficient, the lateral eddy viscosity
and the entrainment factor, amd also with a few different ini-
tial conditions. During the initial growth from a weak vomex
in each case, the computed resulis are generally in agreement
with what may he expected from the results of the linearized
analysis. However, as further the growth continues, the com-
puted velocity fields in every case develop into peculiar radial
distributions. The numerical results of an exemplary case arc
shown in Figures 2 and 3,

IS¢ DRIZO
30
15

20

Fig. 2. I.hl.-rlqmﬂlﬂmnlﬂntiﬂ velocities of the lower laver (Beft)
and of the upper lnyer (right}.

The adopted values of some of the physical constants
im this cose are: C,= | 5x 107, L= A = I0° m* sec’, = 3.0,
The initial distributions of the tangential velocities v, and v,
are shown by the curves marked with 0 (hour) on the left and
right diagrams of Fig. 2. respectively. The growth of the circu-
lar motions is very slow initially, but gradually accelerated as
v, increases, because the surface siress is proportional 1o the
square of v . After the maximum v, reaches about 15 m sec” or
50 the growth is catastrophically accelerated and the compu-
tation is browght 10 o halt at 947 hours after the start.

The direct cause for the halt is development of compu-
tational irregularities. However, the real cause for the trouble
clearly seems to lie in the formulation of the model itsell. As
seen from the lower pan of Fig. 3. the almost discontinuous
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del modelo. Como puede verse en la pare inferior de la Fig.
3, ¢ casi discontinuo cambio en . cerca de 130 Km desde
el centro, indica que el drea de w, positivo ¥ en consecuen-
cia, ¢l drea de conveccidn activa de nubes estdn confinadas en
una regidn anular muy angosia. La tendencia hacia [a estrecha
regitin de conveccidn de nubes ya es aparente en la distribu-
cidn de W, en 60 horas, mucho antes de desarrollarse [as irre-
gularidades del cdlculo,

En tanto que el efecto de estrechamiento es un resultado
de indas las hipdiesis interrelativas en el modelo formulado,
¢l eslabdn mis débil del modelo parece ser la formulacidn de
la coriente de entrada de la capa de superficie, La formula
aproximada (B) se basa en el supuesio de gue el momendo
angular disipado por ¢l esfuerzo de superficie se compensa
localmente por lo clara adveccidn del momento angular ab-
solutn, debido al fAujo radial. En otras palabras, no se loman
en consideracidn el balance del momento angular del Aujo de
masa vertical o del esfuerzo de vidrtice en la cima de la capa de
superficie. Una estimacidn burda muestra gue la contribucidn
del primero es despreciable si la divergencia o convergencia
de W, es tan grande como en la Fig. 3.

& 1" m'n

change in y, at about 130 Km from the center indicales that
the area of positive w, and, therefore, the area of active cloud
convection are confined in a very narrow annular region. The
tendency tonward the pinched region of clowd convection is
already apparent in the distribution of w, at 60 hours, long
before the computational irregularities develop.

While this pinch effect is a result of all the interfocking
by potheses which have been formulated into the model, the
weakest link of the model seems o he the Tormulation of the
surface laver inflow, The approximate formula (8) is based on
the assumption that the angualor momentuom dissipated by the
surface stress is locally compensated by the net advection of
the absodute angular momentum diee (o the radial Aux, In other
words, no contrbution 1o the angular momentum budget from
the veriical mass Aux or from the eddy stress al the 1op of the
surface layer is taken imo account. A rough estimate shows
that the contribution from the former alone is anything but
negligible if the divergence or convergence of W, is as large
s shown in Fig, 3,
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Fig. 3. Distribuciones de flujos radinles a 60 h.ual_jl & b horas.
Esta figurs se refiere al mismo caso de la Fg. 2.

Han sido ensayados unos cuantos lipos de modificacio-
nes en la formula (8). Las distribuciones resultantes de cam-
pos de velocidad demuestrun ser muy sensibles a dichas modi-
ficaciones, indicindose alguncs resultados interesantes en la
Fig. 4 con el uso de una fdrmula alierna

i n D

Fig. 3, Distributions of the radial Auxes at 60 hours and a1 90 hous".
This figare refers to the same case a~ Fig. 1.

A few wypes of modifications of formula (8} have been
tried. The resulting distributions of velocity Gelds haw proved
o be quite sensitive to such modifications. Some interesting
results such as shown in Fig. 4 have been obtained with the
use of an allermative formula

[_F+ lrL }! #=Cp |"'| | ik

en lugar de (8) ¥ ademsis, con un débil supuesto para introducir
una variacidn de espacio-tiempo del factor de arrastre depen-

in lieu of (8) and, in addition, with a crude assumplion 1o intro-
duce space-lime variation of the entrainment factor depending



diente de los campos de espesor calculados. Sin embargo,
gueda una dificultad tedrica para considerar consistenics en
esle caso lanto la integral del momento angular como la inte-
gral de erergia. Los resulisdos en la Fig. 4 deben considerarse
provisiondles,

El prescnte modelo, i va a considerarse como propuesto
especificamente para un cicldn ropical, resulta defectuoso.
Pero es el principio de un nugvo encaramiento para entender
mejor los ciclones tropicales desde ¢l punto de vista dindmico,
Debe hacerse mds trabajo siguiendo este tratamiento,

| A dypamical model for the shady of tropical cyclone development

on the computed thickness fields, However, there remains a
theoretical difficulty in making both the angular momentum
integral and the energy integral consistent in this case. The
resulls shown in Fig, 4 should bhe considered tenuive.

The present model, i it is regarded as a specifically pro-
posed model of a ropical cyclone, has proved 1o be defective.
However, this is the beginning of a new approach toward a
better understanding of tropical cyclones from the dynamical
side. More work has 10 be done on this general line of ap-
proach.

10w 100 ke

Fig. <. Desarmodlo de velocidades tangenciales { Resulindos
tentalivas de un modedo modificada).
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On formation and intensification of tropical cyclones
by deep cumulus convection

H. L. Kuo
The University af Chicago.

LIBERACION DE CALOR LATENTE POR RELEASE OF LATENT HEAT BY
CONVECCION PROFUNDA DE CUMULUS DEEP CUMULUS CONVECTION

Estd bien establecido que la principal fuenie de energia It is well established that the main energy source for
para desammollo de ciclones tropicales es la liberacidn de calor the development of tropical cyclones is the release of latent
latente de condensacidn. Hablando en general, el calor latente heat of condensation. Broadly speaking, latent hest can be re-
pucde ser liberado por medio de dos mecanismos enteramente leased through two entirely different mechanisms, namely (i)
diferentes, a saber, (i) por movimiento vertical medio y (i) por by mean vertical motion, and (i) by small scale. deep cumulus
comveccion profunda de cumulus & menor escala. convertion.

El méodo de incluir el calor latente en ¢l esudio de The method of including the latent heat in the study of
mavimientos o gran escala adoptando el primer mecanismo large scale motions on the assumption of the first mechanism
€5 hien conocido; consiste simplemente en obtener 0 de la is well known; it is simply to obtain {0 from customary for-
Firmula wsual iila

par ¥

e Tt wel

pura ¥
= = 1]
&, e g<q, il W

¢ incluirla como término de calentamienio en la ecuncidn and include it as a heating term in the thermodynamic equa-
termodindmica. Esta formulacidn sirve bien en regiones con tion. This formulation works well in regions of absolutely
estralificacidn absolutamente estable. Sin embargo, cuando stable stratification. However, when applied 1o regions of con-
s¢ aplica 2 regiones con estratificacidn condicionalmente in- ditionally unstable stratification, this type of latent heat release
estable, este tipo de liberaciin de calor latente desarrolla cel- results in the development of strong, narrow band convection
das de conveccidn de banda estrecha v fuerie en la regidn as- cells in the saturated ascending region (see Kuo, 1961),
cendente saturika (vease Kuo, 1961),

Para vencer esta dificultad en nuestro modelo dinimico To overcome this difficulty in our dvnamic hurricane
de huracdn, suponemos en cambio que el calor latente es libe- model, we assume instead that the latent heat is released by
rucho por ¢l segundo proceso, esto s, por conveceitn profunda the second process, that is, by deep cumulus convections, in
de cumulus, de acuerdo con los resultados de observacidn ob- sccordance with the observational results obtained by Malkus
tenidos por Malkus v Richl ( 19607, and Riehl { 1960),

Con objeto de caleular los cambios de las distribuciones In order to be able to compute the changes of the disiri-
de Ty  resullantes de esa conveccidn profunda de cumuolus, butions of T and ¢ resulting from soch deep cumulus convee-
se hacen las siguientes suposiciones respecto i tales convec- tian, the following assumptions concerning such convections
chones: ane made:

73
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(i} La conveccidn de cumulus ocurre siempre en re-
giones de capa profunda con estratificacidn condi-
cionalmemte inestable v convergencia de nivel

bajo media,

(i1} Tales movimientos copvectivos Hevan aire de su-
perficie a wodos los niveles hasta gran altura, de
mado que dentro de la nobe, los distribuciones
verticales de lempertura v cochciente de mercla
soq bos de humedad adiahdiica a través del nivel
de condensacidn.

(i1} La base de la nube estd al nivel de condensacion
del aire de la superficie v su cima se extiende hasta
el nivel donde la humedad adiabdtica s ravés del
nivel de condensacidn encuentra ¢l perfil de 1em-
peratura circundante o algo mids arriba,

{iv) Hay una continua mezcla del aire de la nube v
aire circundante en el mismo nivel de modo que ¢l
calor v la humedad transportados por el aire de la
nube son impartidos ol aire circundante,

Se mostrard que con estas suposiciones los cambios de
Ty de g del campo medio en cada punto pueden ser determi-
nados a partir de ka temperatura (T} ¥ el cocliciente de mexcla
(g ) de la nube, el del aire circundante y la accesidn total de
humedad a una columna unitaria de aire por medio de advec-
cidn v evaporacidn.

D la couacidn de transporte para ¢l coeficiente de mez-
cla, obencmos la siguicnte accesidn total de vapor de agua en
una columna unitaria de aire por medio de adveccidn y difusidn,

P _pordg, pl@d ro ECMae li[ E]
g I_I:%dz Jrﬂr!mﬂ = R L R

donde z=p/p, .

Nuestro siguiente problema es determinar cudnia acce-
siin de humedad es precipiada v cuanta gueda almocenada en
I stmdsfera para aumentar su humedad, Y a que dentro de la
nube-cumulus la temperatura es T, v el coeficiente de mezcla
es g, [os incrememos de emperatura y de coeficiente de mez-
cla del aire de la nube relativo al aire circundante son dados
respectivamente por ( ver Fig. 1).

dTT,-T

(i} Cumulus convections always occur in regions of
deep laver of conditionally unstable stratification
pndd menn bow level convergence,

(1} Such convective motions bring surface air to all
lewvels up to a great height, so that inside the clood
the vertical distributions of temperature and mix-
ing ratio are that of the moist adiabai through the
condensation level.

(111} The base of the cloud is ai the condensation level
of the surface air and the tp exiends to the level
where the moist adiabat through the condensation
level meets the environmental temperature profile,
or somewhal higher.

{ 1w} There is a continuoes mixing of the cloud air and
the envieonmental air at the same level, so that the
heat and moisture carried up by the cloud air are
imparied 1o the environmental air.

[t will be shown that, with these assumptions, the change
of T and ¢ of the mean field at every point can be determined
from the temperature (T) and the mixing ratio (g} of the cloud,
that of the environmental air and the total accession of mois-
ture toa unit column of air through advection and evaporation,

From the transport equation for the mising mtio we ob-
tain the following wial accession of water vapor inlo a unit
column of air through asdvection and diffusion:

2

where 2=p/p,

Our next problem is w determine how muech of this ag-
cession of moeisture is precipitated out and how much i stored
up in the stmosphers 1o increase its humidity, Since inside the
cumulus cloud the temperature is T, and the mixing ratio is g ,
the increases of temperature and mixing rotio of the cloud air
relative to the environmental air are respectively given by (see
Fig. I}

(3a)

(3b)

da=q,(T,-q)

T
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Fig. | -Dhstribuciones verticales de T, g ¥ T ¥ ¢,(7)) ¥ calentamiento
pie liberacidin de calor latente.

Suponiendo que la subida de la temperatura d,7 es producida
por liberacidn de calor Istente in situ, enfonces una cantidad
de vapor de agua d,4 debid condensarse como agua liquida y
precipitarse del aire, ko cual es dado por

d’ql

Luego, pura cambiar una masa unitaria del aire circundante en
un aire de nube-cumulus, se necesita la sigulente accesidn de
vapor de agus

10

Fig. | ~Vertical distributions of 7,9 and T, and g (7)) and the heating
by latent heal peleases,

Assuming that the rise of temperature d T is brought abouw
by the release of fatent heat in situ, then an amount of water
vapor d,4 must have been condensed into liquid water and
precipitated out of the air, which is given by

T, =T} 3¢)

L

Thus, 1 change a unit mass of the environmental air into the
cumulus cloud air the following accession of water vapor is
needed

i
d*r-dﬁ'rdﬁw.[ﬁ!-q*-f{ﬁ—ﬂ {4

Integrando esta expresitn sobre ka masa total de la nube sobre
un dreq unitaria obtenemos |a accesidn total de humedad nec-
esoria para lograr lus distribuciones de temperatura y humedad
de la nube cumulus, lo que es dado por

Integrating this expression over the iotal mass of the cloud
DVEF @ Uil anca we obtain the 1dal accession of moisture need-
ed to bring about the temperture and moisture distributions of
the cumulus clowd, which is given by

T — fle
e = B {g a3 q)= B [L2(1, -7 )1, (T,)- g (5)
T

donde z, y 2, son valores de z en la cima y fonda de la nube,
respeciivamente,

where 2, and 2, are the values of 2 at the top and bottom of
the cloud, respectively.



Hme|

Por otro lado, ln verdaders sccesitn de humedad a la co-
lumna de aire durante un intervalo de tiempo Ar por adveccidn
y evaporacidn de la difusidn inferior v horizontal, s

Lag
1

il
.

domde %‘- esti dado por la ecuacion (2).

Antes de que haya tenido lugar o complets saturacion,
podemos tomar Ar suficientemente pequefio para que dg, sea
menor qie dq. ; bajo tales condiciones, €] abastecimiento de
umedad -d_|§|| 5 insuficiente para producir nubes cumulies en
toda Ja regidn y por Lo tanto, solo una fraccidn [ del clelo estard
cubierta por nubes cumulus, lo cual es dado por

218

Mitese que st womamos la doracidn del comulus indi-
vidual como nuestro AL en la ecuacion | 6), enonces ¢l co-
eficiente [ representard realmente el porcentaje medio de la
cubierta de nubes cumulus del cielo en ¢l tigmpo que estamos
conskderando,

De acuerdo con nuestra suposicién (iv). la conveccidn
de cumulus va acompafiada por fuerte turbulencia que oca-
sionard una completa mezcla del aire de Ia pube con el aire
circundanie. Suponiendo que en el iempo £+ A I lempera-
tra del aire circundante antes de mezclarse es T* , entonces la
temperatura media después de la mezcla es dada por

Tosa =T, +\

T +(T,+T°)i

On the other hand, the acheal accession of rmosmere (o
the column of air during a time interval Ar by advectzon and
evaporion from below and horzontal diffusion is

Ar (f)

n-[gﬂ

where %‘- is given by eq. (2).

Before complete saturation has iaken place, we can al-
ways take Ar small enough so that dg, is bess than dg. ; in this
condition the supply of maisture dy, isinsufficient to produce
cumulus clouds in the whole region, and therefore only a frac-
tion { of the sky will be covered by cumulus cloud. which is
given by

{7

Mote that if we take the dursion of the individual cumu-
lus as our A ineq. ( 6, then the ratio § will actually represent
the averuge percentage cumulus-clowsd coverage of the sky at
the time under consideration.

According 1o our assumpion (iv), the comules convec-
tion is accompanicd by strong twrbulence which iz 1o bring
about a complete mixing of the cloud air with the surmounding
air. Assuming that at time © + AL the wmperature of the envi-
ronment air before mixing is T* . then the mean 1emperatire
after mixing is given by
=T’

8)

=T +AT,,

donde AT, €5 aumento de temperatura resultante de fa libera-
cidn de calor latente in situ. Ya que T ex In temperatura del
aire en r+ A cuando no hay calor lntente liberado, es dada por

T =T =&

aan}+a[wr] ’

where ATy, is temperature increase resulting from the release
of latent heat in situ, Since T is the lemperature of the air at
r+ & when nolatent heat is released, it is given by

rilr iz

Similarmente, encontramos que el valor de g en ¢l tiem-
poop A despuds de la mezcla es dudo por

Gz =q +a (7))

donde g* es ¢l coeficiente de mezcla del aire circundante.

Ya que el cambio de temperatura AT((, | en la ecuacidn
i®) resulta de la liberacidn de calor latente de condensacidn,
el indice de accesién de calor latente . al sistema de gran
escala estd dado por

Tt

ST (ka)- 2|

(9

Similardy. we find the value of g at time ¢+ Ar after mix-
ing is given by

{100
where g* is the mixing ratio of the environmental air.
Since the temperature change AT (. ] in eq. (8) resulis

from the release of latent heat of condensatson, the rte of ac-
cession of latent heat @, to the large-scale system is given by
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Axl el cambio de distribucidn de temperatura del siste-
ma & gran escala se puede obtener incluyendo @, como dado
por (11} en Ly ecuncidn termodindmica.

Debe seftalarse que T v 4,17, ) de la humedad adiabdi-
ca representa por medio del nivel de condensacidn los valores
limites de T y g que se pueden obtener por la liberucitn de
calor latente, por lo tanto son indicadores de la intensidad
muixima de las tormentas tropicales que se desarmollan por me-
dio de este proceso,

MODELOS DINAMICOS

S¢ han construido dos modelos dindmicos para estudi-
ar la formacidn de tormentas tropicales basados ambos en el
mismo proceso fisico discutido aniba, pero con aproximacic-
nes distintas. En el primer modelo, solo se supone equilibnio
hidrostitico, Los desarmollos del sistema son estudiados por
integracidn de dos ecuaciones de movimienio y la ecuacidn
termodindmica v 1a ecuacidn-g direciamente,

En el segundo modelo, se supone un equilibrio perma-
nente de viento-gradiente entre el gradiente de presidn radi-
al, la fuerza de Coriolis ¥ la fuerza centrifuga. El desarrollo
del sistema en esic modelo se lleva a cabo por la ecuacidn
termodindmica ¥ la ecuacidn-g junto con un prondstice del
viento tangencial en la capa de fronlera de la superficie, en
tanto que la funcidn de cormiente ¥ para el flujo meridional se
obtiene de ln siguiente ecuacidn diagndstica:

I Bfigy | t-ndy|
AV c&:,_w{:r [.I-Elz] '»H U
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-6, (1,-T)+
e

Thus the change of temperature distribution of the large
scale system can be obtained by including €. as given by (11)
in the thermodynamic equation.

(i)

It may be pointed out that T and g,(7,) of the moist
adiabat through the condensation level represent the limiting
values of T and g that can be atained by the release of latent
heat, therefore they are indicators of the maximum intensity of
the tropical storms developing through this process.

DYNAMIC MODELS

Two dynamical models have been constructed for the
stucly of the formation of tropical storms, both are based on the
same physical processes discussed above, but with different
approximations, In the first model, only hydrostatic equilib-
rium is assumed. The developments of the system are studied
by integrating the two equations of motion and the thermody-
namic equation and the g-equation directly,

In the second model, permanent gradient-wind balance
between the radial pressure gradient, the Coriolis force and
the centrifugal force is assumed, The development of the sys-
tem in this model is carried by the thermodynamic equation
and the g-equation, together with a prediction of the langential
wind in the surface boundary layer, whereas the stream func-
tion ¥ for the meridional flow is obtained from the following
diagnostic equation:

ar z dr (12)
- d—lﬂ F, m-tﬂ 2 +3£_ ﬂ
ARPKE g MAETR o K [:*" rJ[‘”ra.—}
<K alf, Y, 2
H_C,t&r+ﬂz['r+r}!_az[x'3:] k’,?,u]}+
Rl d[, &T . AT (12a)
*;[El“!_s]*”li]

Tanto en la ec. (12a) como en la termodindmica, el in-
dice de calor no-adiabdtico Q se supone dado por . de ln
ec, (11). Una aproximacicn de dos capas en este modelo debe
integrarse primero, lo que convierte a {12) en una ecuacidn
monodimensional en r.

Both in eq. (12a) and in the thermodynamic cquation
the non-adiabatic heating rate Q is assumed to be given by 2,
af eq. (). A two layer approximation of this model is being
inegrated first, which simplifies (12) into a one-dimensional
equation in r,
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ANALISIS DE ESTABILIDAD DE LOS
MODELOS DINAMICOS

5S¢ ha llevado a cabo un andlisis linecal de la estabilidad
del sistema simétrieo-circular v ¢ enconind gue el indice de
crecimiento v es dado por

2a-

n=i—c:i, 1+

donde A, B, C son dados por (La), & es la viscosidad de vor-
tice horizomtal ¥ a es la longitud horizontal de semi-onda.

"M | [l

BN

¢ N T/

N LIV
L ME

2 % 0

; (a) = ah

AN e
D=

G :%—-"fﬂf

—— Enllh
(€)

Fig. 2.-Valores del coeficiente de crecimiento en 10 sepl.
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STABILITY ANALYSIS OF THE
DYNAMIC MODELS

A linear analysis of the stability of the clrcular-sym:
metnc system has been cormied out and it i5 found that the
growih rate v is given by

:_xp_;
ﬂ!

where A, B, C are given by { 11a), K is the horizontal eddy
viscosaty and a is the horizontal half-wave length,
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Esta ecunciin muestra que la inestabilidad se puede pro-
ducir cuando ya sea que A o C 0 ambas son negativas o cuando
B esid sobre un cierto valor crilico, cormespondiente a inesta-
bilidades dindmicas, estdticas v baroclinicas respectivaments,
De particular interés es la inestabilidad asociada con ¢l gra-
diente de temperatura radial, represemtado por B. El indice
de crecimicnio gue corresponde a varios valores B estd rep-
resentado en la Fig, 2. Se ve que el coeficiente de erecimiento
méximo esti asociado con perturbaciones cuva longid de
semi-onda e casi 10-30 veces la profundidad 4, que es como
el ruio de la regidn ascendente de las ormentis tropicales,

Ohro resulftado significativo de este andlisis de estabili-
dad es que la liberacidn de calor latente representado por (1)
imduce inestabilidad en modo similar al efecto de B, por lo
tanto la convergencia a bajo nivel thene una tendencia auto-
excitante si se puede liberar suficiente calor Iatente. Asf, ¢l
gradiente de temperatura radial puede ser generado una vez

que el proceso de liberacidn de calor latente haya sido puesio
en accidd.
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This equation shows that instability may arise when
cither A or C or both are negitive, or when B is above a
certain critical valve, comresponding 1o dynamic, static and
baroclinic instabilities, respectively, OF particular interest i
the instability associated with the madial temperature gradient
represented by 8. The growth rate corresponding o vanious
B-values are represented in Fig. 2. 1t is seen that the maxi-
mum growth rale is associated with perturbations whose
half-wave length is about 10-30 times the depth d. which is
about the radius of the ascending region of the tropical storms,

Another significant result of this stability analysis is thm
the release of latent heat represented by (11) induces instabil-
ity in a way similar to the effect of B, therefore the low level
convergence bas a self-exciting tendency il enough latent heat
can be released. Thus the large radial temperature gradient can
be generated once the latent heat releasing process has been
SCLIn acieon,
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RESUMEN

El transponte mendional miximo de enengla thene lugar epee los 35% v los 557 de fatined en ¢ Hemisferio Norte por medio de me-
copisnios complejos de intercambio. Uno de esbos mecanismos lo corstingyen las invasiones de aire frio (Nomes) en In regidn tropical de
Morteamérica (México y Cenfroaménica) ¥ que tienen su ongen 3 solavento de las Montafias Bocallosas, S¢ hoce uno descripeidn de fos
diverus fipos de frentes (rios qoe crazan por puestio pals y se examing sa frecuencing ademids se ofrece una interpretacidn del intercambia

iz cobor resulionte,

ABSTRACT

Most of the meridional energy transpon in the Norbern Hemisphere, is camied out by the wind systems of barge siorms traveling
between 33 and 353°, Barricrs such as the Rocky Mountaing channel cold air outhreaks {Nories) that sweep over tropical Norh-America
(Mexico and Central-America) producing there maximum meridional heat Aow, A deseription and frequency of severul types of cold outs
breaks crossing over Mexico is made; the resulting heat exchange is also examined.

El valor medio global de ln radiacidn neta del sistema
Tierra-Atmdslena (E + ¢ ) es nulo. El desvio positivo anual de
este valor medio es de 260 x 10 Kwh'd en ko fajo latitudinal
comprendida entre 40°M v 40°5, mientrs que la desviacicn
negativa én las zonas que se encucntran fucra de la regidn ecu-
atorial asciende a 130 Kwhid (Sellers, 19%65). Puesto que la su-
perficie entre N y 40°5 asciende a 300 £ 10F Km® y el resto
es solo 200 x 10° Km?, ¢l flujo de encrgia que llega al suelo
en los troipicos (PN - 40°5) es considerablemente mayor que
&l Mupo de energia radiante despedido por Ia superficie en las
freas podares ¥ templadas, lo cusl produciria, por uma parte, un
calentarmento de lns regiones tropicales v por ofra, un enfria-
misenio di 188 dreas polanes. Pero tal fendmeno no se observa,
por lo qgue debe existir un transporie de energia (ademds del
realizado por los cormientes ooednicas ) mediante la circulacion
atmaosférica meridional, en determinadas circulaciones casi
estacionarias superficiales asf como en ln altum (ver Bjerknes
¥ Solberg, 1922,

El transporte meiximo de energia meridional tiene lugar
entre og 35 ¥ 553° de latitud en ¢l Hemisferio Norte por medio
de mecanismos sumarnente complejos de mercambio, En ¢l
presente trabajo se hace un intento de describir las invasiones
de aire frio (Nones) en los wrdpicos que ocurmen a sotavento de
las Montafias Rocallosas; ademids se hoce una interpretacidn
del intercambio de calor resultante.

Bolin (1950) ha demostrado que cuando una cormicnie
horizontal limitada choca normalmente contra una ba-rrera
orogrifica, existe una velocidad critica segiin Ia cual fa co-
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rriente se desvin al desbordarse sobre In barrera. Si la velo-
cidad de lo corriente es menor que la critica, la comiente se
desvin anticiclonicamente ante el obsticulo de modo que pro-
gresa comiente armiba. La velocidad crilica se calcula segin la
fdrmula;

. K

cC, =-§: j bl

donde: £ 10 seg” : pardimetro de Coriolis
B 10 ko ol de ln akmdsfers
x 1N ke extensicn honzontal de la Cordillera
B 2000 me aliura de la misma

Cunndo se aplican los valores comespondientes a las
Montafias Rocallosas a 407 lat. W en la fdemula se oldiene una
velocidad © =20 m seg (Bolin, 19500, 5i los vientos polares
del peste Hepen ung velocidad menor de 20 mds, se desvian
anticicldnicamente frente a las Montafas Rocallosas segin
una comiente del este. En estas condiciones se observa en la
region de Baja California la fermacidn de las llamadas “bajas
frias’ (cut-off lows). En la Fig. 1 los vientos polares del oeste
a 30 mb tienen sobre Los Angeles una velocidad de sdlo 10
nudes (5 mis), La cormiente se desvia por el efecto mencionado
encomrindose con la comiente de chorro sub-tropical, hacia
el sur de Baja California, lo que resulta, en una separacion en
forma de gota de aire frio, de una porcidn de la corriente.

El 12/1/1969 (Fig. 2) licga a las Rocallosas la corriente
de los vientos polares con una velocidad de 60 nudos (30 mis).
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El resultado s sdbo un ligero desvio anticicldnico de Ia co-
rricnie a 500 mb gue produce una vaguada viento ahajo de los
Rocallosas a 80°- 90° de longitud W,

Chamey v Eliassen { 1949), asi como Scherbag (1945)
han demostrodo que esta vaguada del este de las Rocallosas
liene un caricler casi estacionario. MosiBo ( 1'963) en su cla-
sificacidn de lipos de tempo en la alura sobre México, encon-
trdh que estas vaguadas de sotavento de las Rocallosas tienen
ung frecuencia en invierno de 30-40% (tipo G- 10%, tipo H:
10-15%, tipo 1= 10-15% ), mientras que ¢l Gpo de tempo de
altura comespondicnte 4 una “pota de aire fria” (cul-off low)
sobre la Baja California (tipo A de Mosifio) iene una frecuen-
clia de 20%.

La separacidn anticicldnica de la corriente en la aliura
sobre las Rocallosss v la formacidn de una vagusda a barkoven-
1o de esie sistema moniaffoso se pueden explicar con claridad,

Si se considera que ln tropopauss representa un limite
superior de | tropdsfera, mis 0 menos impenctrable, una co-
lumna de aire que se extendicra desde la superficie del suelo
hasta la tropopaussa, al encontrarse con un obsticulo v fuir
sobre éste, reduciria su alura comespondientemente, Esta re-
duccidn de la alura de 1a columna tendria gue ser compensada
por una extenskon horzontal mayor de I columna al momento
de cruzar el obstdculo. El efecto de la sceleracion de Coriolis
sobre la masa de aire que luye hace que esta adople una direc-
cion anticiclénica,

En el lado de sotavenio de las Rocallosas las columnas
de aire vuelven a exienderse venicalmente lo que resulla en
una convergencia homzontal el aire en la porcidn inferior de
la columna. De este modo se origing una baja presidn ¥ una
curvatun cicldnica de las lineas de Alujo a sotavento de kas Bo-
callosas, Estas consideraciones conducen al siguicnte resulia-
des bos vientos fuertes polares del oeste que llegan a las Mon-
1afias Rocallosss o a la Altiplonicie Mexicona inducen, viento
abajo v en los miveles inferiores, una zonn de baja presidn;
mientras que sobre los mismas moniafkas se origing un drea de
alta presidn. El tipo 5 (vaguada de sotavento de 1a montafia)
scfialado por Mosifio {1963) es caracteristico del fendmeno
descrito arriba v lene, segin este aulor, uni frecwencia de 40
a 6% durante los meses de invierno, En los meses de verano,
cuando estos vientos fuertes del oeste se desplazan hacia el
norte ¥ casi dessparecen de la aluplanicie Mexicana, la fre-
cuencia del tips 5 =¢ reduce o un %,

Penerssen {1956} ha demostrado que a sotavento de las
moniafias, en la cercania de la vagusda, tienen lugar processs
ciclogendticos. De este modo se inmensifica la vaguada de so-
tavento en las dreas donde los vienios v 13 aliura del obsticulo
Montos0 200 miximos,

D este modo se originan duranie ¢l verano, en Albema
(Canadd), v en el invierno, en Colorado, la méxima ocurrencia

de ciclones a sotavento de las Rocallesas (Figs. 3 y 4). En la
regidin intermediz entre Colordo v Alberta sdlo se observan
es3ins ciclones ocosionalmente. Lo anterior s vidlido en rela-
cidn con la posicidn media de verano @ invierno de ln comiente
de chomro, es decir, la zona de velocidades miximas de vien-
tos del oeste en los niveles alios, gue en inviemo se localizan
entre los 35%- 407 de latitod N ¥ en el verano se desplazan a
50-55% N (Chang, 1972). La corriente de chormo se mueve en
forma repentina, de su posicidn de verano a la que ocupa en
el invierno, Con la corriente de chormo se desplazan las dreas
ciclogenéticas que se observan a sotavento de las montafias
(Petterssen, 1936). Los ciclones de la regidn de Alberta (Fig.
4} se desplazan ram vez hasia la Altiplanicie Mexicana. Pero
los ciclones de Colorado se mueven hacia el sur invadiendo
los trdpicos v afectando el termitorio mexicano.

En las Figs. 5a-h e muestm una invasidn de aire po-
lar tipica originada en un cicldn del drea de Colorado, Puede
apreciarse en la Fig. 5a con claridad la vaguada de sotavento
originada por la corriente superior de vientos del oeste al nivel
de 300 mb. Elaire frio se mueve con ka celda de alea presidng
desplasindose merdionalmente segin ¢l eje alargado de la
baja de sotavento de la Sierra Madre Onental. En b vecindad
de estn drea ciclénica elongada empuja la masa de aire frio
con fuerza (Figs. 3¢, d) hacia la Aliplanicie y sobre el Golfo
de México. En la Fig. 5¢ s puede apreciar que en Veracruz
el 1V16ES a las 000 GMT sopla yva el viemo de la direccidn
norte. Este virje de la direccidn del viento, que tan frecuente-
mente se pbserva en la planicie costera mexicana, antes de la
llegada del frenie frio propiamente dicho, se explica por la
propagacidn de los vientos hacia abajo. El aire frio se desplaza
en senlido horizontal hasta unos 2-300 km (Portig, 19635, por
delante del aire caliente, al mismo Gempo que ¢ imensifica
Ia baja de sotavento de ln Sierra Madre Oriental. Asi, el aire
calienie desplazado por el mire frio ocnsiona que los vienios
soplen del nome antes que llegue la masa de aire frio (Fig.
Sc). Con ol borde delantero del aire frio se desplaza hacia el
sur también la zona de vientos mdximos. Al nivel de 500 mb
se geners una vaguada en la altura ocasionada por el espesor
considerable del aire frfo (Fig. 5gb. En esta forma la comriente
deja de NMuir verticalmente sobre el obsticulo gque representa
I Sierra Madre. La vaguada superficial de solavento que pro-
duce la Sierra desaparece en estas condiciones con lo cual se
hace mis lento el movimiento del frente a sotavento de la Sie-
rra (Figs. 5d.¢. [, g).

En [a Fig. 6 {del 24/3/69: (0,00 GMT) aparece un frente
frio ubicado entre Brownsville v Verserue, En los niveles de
500 v 200 mb el cicldn se encuentrn bajo el drea Jdelantera
de la vaguada en la alwra, En la Fig. 6 se puede apreciar [a
inclinacion del epe de la vaguada en direccidn oeste. Para ca-
racterizar la corriente al mivel de 300 mb se han iEeado s
isohipsas de 5520 v 5560 m geopotenciales. Mienims que
Iz velocidad de la corriente en la altura es de 70 nudos, la
vaguada se desplaza a solo 30 nudos en direccidn este. Puesto
que la velocidad de propagacidn de la onda es menor que la



velocidad de la cormiente, las particulas de aire se mueven en
traveciorias de curvatura ciclénica. Considerando ol punto A
detris de la vaguada en la altura (Fig. &) las tryectorias de
las particulas de aire se curvan anticicldnicamente {punto B
cormente abajo. 5i se considera solamente la poecidn de la
vorticidad absoluta debida a la curvatura, la vorticidad rela-
tiva sumenta en el drea de curvatura ciclénica (entre A v B)
migniras que decrece en la regidn de curvatura anticicldnicn.
En efecto, si se aplica la ccuacidn de la voricidad absoluta
(Rosshy, 19400 & tiene:

"{-ti = DOnmsL.
Ap

donde: f: parimetro de Conolis
C : vorticidad relativa
Ap : extensidn vertical de ln columna de aire

En las lineas de flujo detris del eje (Fig. 6) { disminuye,
micntras que ¢ aumenta debido a la curvatura cicldnica cerca
del eje de la vaguada. En general, el decrecimiento de f es
menor que el aumento de § (Palmen y Newton, 1969}, Para
que se mantenga constante la vorticidad absoluta Ap debe au-
meendar, ko que significa que detrdis del gje de ln vaguada en la
altura existe un dren de convergencia al nivel de 500 v 200 mb.,
Delante del eje de la vaguada la curvatura del flujo es antici-
cldnica por lo que C disminuye mientras que f aumenta (para
¢l caso de V = C). El resultado es una disminucitn de Ap, es
decir, un drea de divergencia en la altura.

La #ona de convergencia en la altura detrds del eje de
la vaguada significa una expansidn vertical en los niveles su-
periores de la tropdsfiera (500 v 200 mb) que resulta &n mav-
imientos vemicales descendemes debajo de los 500 mb; por
oira parte, ki divergencia én la alura por delanie de la vaguada
produce movimientos ascendentes (Fig. 6).

51 se aplica la ecuncidn de ln vorticidad abscluia en las
linens de Mujo superficiales (Fig. 6) se podrd apreciar gue en la
regidn anticickinica cubierta por aire frio, en la porcidn occi-
dental de México, decrecen tanto foomo £, disminuyendo asi
Ap. Esta divergencia superficinl conduce & un encogimiento
vertical de la mosa de aire frio, en la porcidn oeste del frente,
¥ corresponde con la convergencia trasera de la vaguada en la
alwra, El frente frio tiende asf o disolverse prematuraments
debido al calentamiento adiabdtico de la masa de aire subsi-
dente en esta regidn de México, asf como en la pare anental
del frente (Figs. Se y f). Particularmente sobre el Golfo de
México, v a pesar del empuje del aire frio hacia el sur v el con-
siguiente decrecimiento de f, no se produce un encogimien-
o vertical puesto que las panticulas de aire con troyectoria
ciclonica (Fig. 6) se desplazan hacia el sur El decrecimiento
de f sobrecompensa o exceds al sumento de £. Por lo que el
espesor de Ap aumenta, manteniéndose constante la vorticidad
absoluta,

Segin este modelo, en la porcidn suroeste de la masa

Las invasiones de aire frio e bas ndpecos 8 solavenio de las somiafies ocaliosas
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de aire frio se acusa divergencia en los niveles bajos, mientros
que al nivel de 200 mb v a veces 500 mb, aparece una co-
rricnte convergente. El aire frio en el cusdranic 5W de la co-
mriente ¥, en particular, en el drea del frente caliente, se puede
distinguir por la convergencia en los niveles inferiores v una
divergencia en la alra,

Es comprensible que este modelo se presente con un sin-
nimern de modificaciones. Asi, ocurme ram vez, por ejemplo,
|la presencia de una convergencia en la altura en la parte trasera
de la vaguada durante las primeras etapas del ciclén, Basta un
desarrollo débil de la amplitud de la onda ¢n Ia alturs para que
prevalezca (sobre ¢l factor de curvatura ciclénica), en la parte
trasera de la vagusdn una fuerte divergencia de velocidad; el
resultado s una divergencia fucrte en la altura. En estos casos
pucden las masas de aire frio llegar hasta la porciin 5W de
México sin haberse encogido verticalmente y, en consecuen-
cia, sin haber sufrido calentamicnto adiabitico. En tales casos
se observa un descenso de lemperatura de 10°C o mids.

Las vagundas cn [a altura al nivel de 500 v 200 mb, co=
racterizadas por una extraordinaria amplited ¥ por un lento
desplazamicnto, se aparan también del modelo. En estos ca-
s0s el lado trasero de la vaguada se camcleriza por una muy
intensa convergencia en la altura debido a la fuere carvaira
cicldnica de las lineas de corriente. Las masas de aire frio en
las capas inferiores se encuentran directamente debajo del
lado trasero de estas ondas estackonarias animadas de fuertes
mavimienios descendentes. Estos movimientios descendenbes
dan lugar al colentamiento adiabdtico del aire frio, reducié-
ndose bos contrastes térmicos en la vecindad del frente frio,
Palmén {1951} ha estimado para el caso § = 0 una conime-
cidn vertical de 60% entre los 60° v 20F de latitnd N. Esto
significa que una particula de aire que se encuentre 3 0N ol
nivel de 300 mb al desplazarse hacia el sur hasta una latitod
de 20° desciende hasta los 730 mb, es decir, baja 6500 m. Esio
cormesponde a una elevacidn adiabdtica de temperatura de 65°
aproximadamente. 5i la temperatura de la partfcula a 300 mb
en la lotitud G0°N es de unos -55%C, 8l descender ésta a 730
mb ¥y & una latitud de 20°N su lemperatura subiria hasia los
10°C, Temperaturas de ¢ste orden de magnitud se observan
& esta altura sobre México durante el invierno. La adveeeidn
de maias de aire frio no resulia asi, en moechos casos, en un
descenso de temperatura. Sdlo en los niveles bajos. donde no
es posible el encogimiento vertical de las columnas de aine,
permanece un colchdn de aire frio como resultado de las bajas
iemperaturas iniciales de las masas de aire frio. Los frenies
frips de este tipo comesponden a los Hamados caafrentes,
Estos frentes se distinguen posgue la velocidad del viento es
aparememente mayor que la velocidad de desplazamiento del
fremte frin, Ademis, los masas de aire frio muesiran s8lo una
ligera pendiente cerca del catafrente por lo que el vienlo no
varia de direccidn con la altura sino ligeramente.

Todas estas caracteristicas se cumplen siempre en la
regidn de México para aquellos frentes que s¢ vuelven casi
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estacionarios. En estos casos se encoentra México, puesto que
el eje de la vaguada en la altura. asf como ¢ frente frio en ge-
neral a los B0® a 90° de longited oeste (Tablas | a 4), debajo
de la parte trasera de la vaguada en la alur,

Al comparar ln Fig. 5b con ln e, T v g se puede apreciar
que ¢l fremte frio de superficie se desplaza sdlo muy lenta-
meme en los intervalos de 6 horas despuds del 1071069 a las
12:00 GMT. La velocidad del viento sobrepasa a la de propa-
gacidn del frente y particularmente el 1171569 a las 00,00 GMT
se encuentra México debajo del lado trasero de la vaguada én
I altwra (Fig. 5g).

En las Figs. Ta v b aparecen los cambios de lemperatura
comespondientes observados en la vertical sobre Veracruz v
México ol paso del frente. Se aprecia gue el enfriamiento del
aire en Vernerez el 11 1069 silo ocuree hasta el nivel de 700
mb ¥, como consecuencia de esta falia de profundidad, ¢l aire
[ric en Lo Altiplanicie Mexicana sdlo produce un ligero des-
censo de la temperatura (Fig. Th ), En la pante cemral de la Al-
tiplanicie Mexicana no s producen precipitaciones asociadas
al paso de este frente,

En contraste con esta invasidn de aire polar, en la Fig.
Ea se muestra otro casos of de los dins 16- 18369 en que la
porcidn central de la Altiplanicie se¢ encuentra bajo la pare de-

Inniers de una vaguada incipiente en s altura. La vaguada estd
inclinada en direccidn NE-SW 1o que conduce o una advee-
ciin de humedad en los niveles superiores. Por consiguiente
la temperatura desciende marcadamente a todos los niveles,
desde la superficie hasta los 540 mb; al mismo tempo que au-
menia considerablemente la humedad entre los 800 v 300 mb.
La disminucidn de temperatura tiene lugar también en forma
ligera el 19/3/69 en la Altiplanicie. En particular puede apre-
ciafse cliramente un aumento de la humedad arriba del nivel
de 550 mb que lermina sin embargo abruptamente al llegar a la
altura de la inversidn de bos alisios. Aun asi, basia esta hume-
dad, en conjunciin con los movimientos ascendentes delante
o la vaguada v el 1By 19469 se producen lluvies considera-
bles en los valles ebevados de la Altiplanicie Mexicana.

Nustrativa es la distribucidn del viento y de la precipi-
tacidn para el 18/3/6% en la regidn del valle Pucbla-Tlaxcala
{Fig. Bd). Es de advertir que el viento superficial no sopla de
la direccidn morte, sino del sur. En el valle de Puebla-Tlaxcala
soplan normalmente del sur vientos del valle durnnte el dia,
L fuentes nublados del 18369 (Fig. 8d) impiden. desde lue-
go, la formacion de esta circulacion local debido a la falta de
insolacidn, Mds bien este viento del sur tiene un origen sinGp-
tico como resultado de una drea de haja presicn (Fig. 8a), que
en parte ambién permanccia ¢l 18369 en el occidente de la
Alviplanicic.
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Tahla 4 Frecuencia mensual de los frentes Trios de superficie en las regiones 8¢ v 9 imbcadas en
la Fig. % para el periodo 1859 1960,

Estos ejemplos permiten distinguir bos siguientes tipos
de “Nortes” en México:

1. Los cotafrentes caracterizados por masas de aire frio
de poca profundidad vertical y ubicados debajo del lado trase-
rov che L vagumsda en la alturs (a2 500 v 200mb )2 estdn asociadas
con poca nubosidad v precipitacidn en el Altiplanc,

2. Los awafrentes que se distinguen por masas de aire
frio de mayor profundidad en la vertical, arriba de Jos cuales
s¢ localiza la parie delaniera de la vaguada a 300 v 200 mb ¥
que van asociados con abundantes nubes cumuliformes v con
luvias,

3. En los meses de marzo, abril v mayo bos frentes (rios
sobre la Altiplanicie Mexicana se disuelven, a pesar de que
sobre ¢llos se encuentre ¢l lado delantero de la vaguada en
la altura (Fig. 8a). Los alisios poco profundos del Golfo de
México, arriba de los cuales se encuentra el lado delantero de
la vaguada, dan por resultado aumento de nublados cumuli-
formes ¥ lluvins en Ia Aluplanicie de México ¥ en particular
en los flancos orientales de la Sierra Madre.

4. A menudo se inensifican los frentes en la Altiplanicie
Mexicana después de haberse debilitado, Fsta intensificacion
ide los contrastes térmicos froniales esta relacionnda con bos
cambios de posicidn del eje de la vaguada, 5i ¢l lado delantero
s¢ ubica sobre el frente la divergencia en I altura impide los
mavimicntos descendentes de la masa de pire frio v los con-
irastcs brmicos se veelven mds marcados,

La inclinacidn NE-5W de la vaguada en la aliur se ob-
serva con mds frecuencia en los meses de transicion, puesto
que la inclinacidn de la vaguada en la altura es el resultado de
wna dizminucion de la velocidad en la corriente de los vientos
zonales del oeste. Preferentemente, en los cisos de cjes poco
inclinados NE-5W de la vaguada, México se encuentra en ¢l
lado delantero de la vaguada cubiero por nubes que luego se
precipitan,

Mosifho (1963 ) denonting [as vagusdis inclinskas como
los tipos M, M, v 0 v estima gue su frecuencia maxima es de 5
a 10F para los meses de noviembnz ¥ abril-mayo.

En ks wblas 1<3 aparece ln frecoencia de los frentes



frios para ¢l periodo 1B99-1960, Se distinguen B tipos de
MNortes segin el drea donde se presenta el frente Irio, Enla Fig.
9 s sefiadan los imites de estas dreas para las cuales se calould
la pcurrencia de los frentes, apoyindonos en los trabajos de
Jhuregui (1971) v de Mosifio ( 1963). Los frentes que desde ¢l
NW alcanzan |a costa oriental de México se clasificaron como
tipo 8a, cupndo s¢ encontraban entre Brownsville v Versene,
¥ fueron tpo % en el drea sur contigua v asf sucesivaments
{ver Fig. 9). Esta distribucitn espacial de la frecuencia de los
frentes por dreas permite observar las variaciones de los pasos
frontales & o barge del afio.

En la Tabla Ba s¢ poode advertir que la Mrecuencia de
los frentes es midxima durante el invierno con un minimo en
el verano, Al comparar la frecuencia de 1os tipos Ba v b con
Ios B, se advierte que la frecuencia de los frentes en la costa
orental de los EL. (tipo ¢} es méxima en verano, mientras
que los frentes del tipo 8a y Bb desaparecen en ¢l verano, Esio
=2 encuenira en compleia concordancia con lo encontrado por
Petterssen (1949) en el sentido de que el drea de ciclopénesis
s¢ deaplaza en el verano de 35°-30"-55"N.

Al comparar la frecoencia de los tipos Bc. 9 con el 10b
se aprecia que bos frentes frios predominantes en las dreas Bc v
B¢ se voelven estacionarios v sdlo ram vez alcanza a ocupar el
direa 10%. Esto se encuentra en concordancia con las posiciones
casi estacionarias de la vaguada en la altura a 500 v 200 mb,
cuya parte delanters se encuentry sobrepuesta o los tpos 8¢ v
Bc. Ademis, se explica la alta frecuencia de bos tipos Be v 9¢
por ¢l hecho de que bos frentes frics en su sector SW, v debido,
ademsds, a I3 curvatura ciclonica de las lineas de fujo, pueden
avanzar bastanie meas al sur sin que deésaparezca el conlraste
Ernicn.

Unes evailuscion de la frecuencia del tipo %a permite con-
cluir que sin duda los *Nores” de esté ipo fienen una frecuen-
cia mixima en diciembre, enero y febrero, mientras gue en los
meses de transicidn de abril y mayo, asi como en octubre y
noviembre no desaparecen totalmente,

Puesto que en estos meses los contrastes de tempera-
tura de la masa de aire polar son bastante mids considerables
que en los meses invernales, es de suponerse que los factones
sindplicos, tales como la inclinacidn SW-NE de la vaguada en
la altura, contribuyen a conservar los contrastes Mrmicos en
estos meses. Adn los tipos [0a se observan con una frecuencia
relativamente alta en estos meses de transicidn, mientras que
estos v bos lipos Ba desaparecen (ogalmente en el verano.

En general, se puede afirmar que ¢ desplicamiento os-
pontines de la comente de chomo polar hacia el norte, asi
como la desaparicidn total de la corriente de chorro subiropical
durante ¢l verano, tienen lugar claramente en estos meses, La
posicidn inclinada NE-SW dc la vaguada superior, tan lrecuente
en los meses de transicion, explica, por otra parte, la frecuen-
cia relativamente elevada de los frentes frios en dicha estacidn.

Las imvasiones de aire frio en bod indpicos o sexvenio de lns mostaias rocallosas

En las Figs. 10a v 10§ aparecen las fowos de sarélite para
el pericdo 8/1/69 - 1371169 donde se han trazado las 1sohipsas
{en decdimetros geopotenciales) correspondientes a la super-
ficie de 500 mb, Las flechas sefialan la direccidn del viento
geosirifico ¢ 500 mb,

El dia 8/1/69 (Figs. 5a-h) la corriente a 500 mb es casi
paralela a los cireulos de latitud, Una banda de nubes a so-
mvento de las Rocallosas sefiala Ia formacidn de un cichkim.
El dia 91569 (Fig. 5) s visible la banda nubosa asociada a la
invasiin de aire frio en el Golfo de México.

Con ¢l empuje del aire frio hacia el sur mumenta la am-
plitudd de la onda hacia el este de las Rocallosas. En tanto que
€l lado trasero de la vaguada permanece despejado debido a
la convergencia en ba altura ¥ a la divergencia superficial, ¢l
frente frio se encuentr el 1019 (Fig. 5) Wajo la pane de-
lamtera de Ia vaguada caractenzada por abundinte nubosidad.
Adermis, el 117169 ln amplitud de la onda a 500 mb se incre-
menta, mientras que ¢l cje de la vaguada se mueve un poco
mids hacio el esie. El 1271769 va no se aprecia ningin aumento
en la amplited. El eje de la vaguada se desplaza en este dia
nuevamente hacia el este. La banda nubosa continua de los
dizs anteriores parece hoberse disveho, El frente frio se ha
ubicado en el drea %¢ (Fig. 9. El 1310069 parece que la am-
plitud de la onda ha disminuido. S&lo algunas dreas nubosas
aisladas en la vecindad de la parte delantera de la vaguada
sefialan el lugar del frente estacionario. El lado trasero de la
viguada en la altura se encuenira encima del drea libre de
nsbes como en los dias anteriores. Una excepeidn la consti-
luyen fos Aancos orientales de la Sierra Madre (Figs. 10e y
1OF). Aqui los vientos del anticicldn migratorio soplan del este
conira la Sierra Madre Oriental produciendo upa nubosidod
que es independiente de la distribucion de lo convergencio en
la aliura que caracteriza la parte irasera de Ja vaguada,

La secuencia caracleristiea es como sigue:

L. Una cormiente casi zonal existe inicialmente.

2. Desarmollo de una perturbacidn ondulatoria a 500 mb.
3. Formocion de nubes en el lado delanters de la vaguada,

4. Crecimiento de la amplitud de la onds después del
desarmollo de la nubesidad.

5. La desaparicifn de las nubes y de la perturbacidn on-
dulatoria ¢s seguida de la formaciin de una nueva onda
al este de las Rocallosas, Para la formacitn de esta per-
turbacidn ondulatonin es muy imporiante ademds de la
velocidad de la corriente del oeste la distribucitn me-
ridional de la iemperalura,

Se puede determinar asimismo, con la velocidad criti-
ca (Bolin, 1950) el gradiente térmico meridional parm el aire
himedo y libre de nubes, 3 45° de lat. N y 5 500 m de altura
{Fortak, 1971). mediante la formula;
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donde: v : coordenada horizontal con norte positivo
Femperaura, s =- 130 a45° lal, N, lempermturna media.
#/C_gradiente sdiabdticode lemperatura, 0.98°C/ 100m
ArAh @ gradiente adiahdtico verdadero, AvAL =
0.5*C/100 m
a : radio de la Tierra, 6 37, [P m
R Constante de estado del aire, B =287m" seg™ K.

Al sustituiren la fdrmula se tiene: -ArAy = 6707 1000 km,

Al excederse estos valores criticos del gradiente meri-
dional de temperatura, la corriente estable casi zonal =¢ trans-
forma en inesiable al mismo tempo que se intensifica una
onda de sotavento inducida, En ¢l este de las Rocallosas es su-
liciente que los valores sean de 4° - 4.5 (/1000 km para que
se produzca una perturbacidn ondulatoria. Puesto que cuando
prevalece lo cormiente zonal no hay intercambio de calor entre
las latitudes templadas v tropicales, el aire tihio (frio) tropical
{polar) queda represado en su drea de origen, En esta forma
comienza a crecer ¢l gradiente meridional de temperatura
hasta alcanzar ¢l valor critico C_ de 4 - 4.5*C/ 1000 km al este
de las Bocallosas. La perturbacidn ondulatonia se intensifica,
debido al exceso sobre ¢l gradiente critico, aumentando asi la
amplited de la onda. Por medio de esta perturbacion ondulato-
ria se establece asi un ransporte de masas de aine frio hacia el
sur (lado trasero) v de aire tibio (kado deluntero) hacia el nore.
En promedio este crecimiento de la amplitud contimga hasta
ser suficienie para que el intercambio meridional sc realice,
reduciéndose asi el embalse de aire frio (caliente).

Una vez werminado el intercambio, se estabiliza la
perturbacion permaneciendo casi estacionaria. Como resul-
tado de la adveccidn de vorticidad (por la disiribucién de Ia
convergencia en la altura) asociada a la onda, se produce la
formacidn de nubes en la pane delantera de la vaguada. El
Eradiente térmico vertical s¢ voelve més inestable debido a ka
liberacidn de calor latente, v cambia de 05*CT100 m a menos
de 0.5° CN00 m. Puesto que el gradiente térmico vertical de-
pende de los factores de la fdemula anterior, aumenta -ArAy
con los gradientes Wrmicos verticales himedos, hasta alcanzar
J 5507100 kom,

Fao significa que Fa amplitud de longitud & la pertur-
hacidn ondulatoria estabilizada - AvAy = 4 52C/ 1000 km), para
ol caso de una aimdsfera sin nubes se vuelve inestable {-Ad
Av = 35CT (00 km), es decir, & renueva, siempre que esté
seguida de un aumento en la amplitud. hasta que el iransporte
mveridional de calor se haya adaptado a los nueves gradientes
criticos meridionales de tepnvperatura, Cuando esto ocurre (Fig,
100 ks amplitud de b onda permanece invariable,

El transporte de calor mendional continwe durante vari-

05 dius resulta en una disminucidn del gradiente térmico me-
ridional. Como consecuencia, se debilitan tanto la intensidad
del viento como la nubosidad (Fig. e, con lo cunl ¢l gra-
diente adiabdtico himedo cambia a adiabdtico seco. En esta
forma crece -An'Ay de -3.5%C/ 1000 kma 4.3°C 1000 km, Sin
embargo, esto significa que. puesto que aun un gradiente me-
ridional de 3.5%C/ 1000 km no puede sostenerse después de un
intercambio meridional, las suposiciones sobre la formacidn
de la onda en la aliura no se cumplen. La perturbacidn ondu-
latoria muere (Fig, 100 volviendo o renovarse en unos dias |a
corriente zomal, pura. Esta corriente zonal impide el transposte
meridional, produciendo una intensificacidn del contraste tér
mico meridional. Finalmente, se alcanza de nuevo el gradiente
wrmco meridional critico, desarrolldndose una perurbacidn
ondulatoria a 500 mb.,

Las fases antertormente descritas se repiten ciclicamente
en =6 semanas (ciclo del indice zonal). De la frecuencia de los
fremies en las mblas 1-4 no puede deducirse el ndmeno men-

sual de invasiones de aire polar puesio que los frenles pasan
de una a otra drea definida. La experiencia demuestra que un
frente frio cruza en menos de 14 horas el drea 80 durante el
invierno. Sdlo uno de cada dos o tres frentes necesita mds de
24 horas para cruzar de Monterrey a Veracruz. La frecuencia
del tipo Ba puede. por o tanio, wmarse grosso srodo como 1a
comespondiente a las invasiones de aire polar,

Tabln 5. Frecuencia media de los frentes frios que cruzan el drea de-
signada por Ba que comprende de Monterrey a Veracruz
Mes E F o | & M 4] M ia ]
Tab. 1 T8 73 B3 66 589 45 K7 RO
Mosifio A7 50 A8 X3 Y 220 43 %l
Muregmi 35 46 47 313 37 30 4 4.3

La frecuencia encontrada ¢s mavor que las obtenidas por
Mosifio ( 1963) ¥ por Juregui ( 1972) por lo que estos aulores
deben haber contado solamente los frentes que s encontraban
entre Monterrey v Veracruz sobre territorio mexicano, El drea
Ea (Fig.9) comprende también frentes que cruzan hacia el sur
del Golfo de México sin tocar la costa, En esta forma se ve
que de dos a tres frentes (rfos cruzan el Gollo sin alcancar In
Altiplanicie. El menor ndmero de frentes que registra Mosifo
¥a ha sido explicado por Jduregui (1972).

¢ los datos de 1a Tabla 5 s¢ desprende que, en prome-
dio, estas invasiones de aire polar sobre ¢l occidente del Golfo
de México tienen un ritmo de 3-7 diss. F ciclo del indice sonal
anteriormente mencionado y que es el resultado del gradiente
critico meridional de temperstem scusa una periodicidad de 4
a6 semanas, por bo gue $6lo una invasidn de aire frio por mes
puede explicarse por este ciclo. Palmén {1951) ha demostrado
que, debido a ko Nano del terreno, el aire frio que se mueve ha-
cia ¢l sur, en el drea de Texas y su vecindad, preficre separarse
de la fuente de aire frfo. Esta separacidn es ] resultado de la
contraccidn vertical de la masa de aire que es particularmente



fuerte en el drea de transicidn erra-mar debido al contrasie de
la friccidn superficial,

En la mayona de los casos se desarrolla un nwevo fren-
e frip al noste de esta separacidn o estrangulamiento, que s
desploza hacin el NE asociado a una nueva perturbacidn, Este
estrangulamiento v la invasion de aire frio resullante ocurren
en una onda largs pre-gxisienie que se mantiene por varios
dins casi estacionaria.

Las ondas largas quedan asi por encima de otras opdas
s pequeias que tenen una frecuencia de 57 dias, La velo-
cidad de propagacidn de las periurbaciones ondulatorias pue-
de calcularse para 457 lat. N v un ndmero de ondas N = 3,
seplin la fdemula de O, G. Rosshy {1939

Calfm—
=

donde: O velocidad de la onda
L5 velocidad zonal media a 45% lol. N v 5 km de
aliura (15 m'seg = 1300 km/d)
V: velocidad de un punto sobre la Tierra a 457 lat, N
{ ZR00 k)
N ndmeno de ondas circumpolares (n= 7)

Si s escoge como unidad de velocided kmv'd, (| mfseg
= 864 kmid) ¥ s¢ sustituyen los valores en b fdrmula, resulta:
C= 729 km'd (ver Formak, 1971, p. 216}, Para una vuclia alre-
dedor de fa Tierra a 457 lat, N una onda necesita en estas condi-
ciones 28 DTS d = 3841 d. En un lugar fijo de la Tierma
cadn 38417 d = 549 d se presenia una onda en la altura.
Mientras que en las latitudes medias estas ondas en la altura
estén asociadas a tiempo de baj presidn (nublado v lluvioso)
en la parte delantera de la vaguada, v o tempo de alta presidn
(despejado) en la pare trasera de la vaguada, en ¢l caso de
México eata secuela no se presenta debido a ln ubicacidn mis
hacia el sur del pais v a la infloencia extrsordinaria del wermeno,

Estas consideraciones tedricos constatan el ritmo de 5 a
7 dias de las invasiones de aire polar (Hempo anticiclonico).
Los argumentos muestran que en el drea al este de las Roca-
llosas el intercambio de calor global es extremadamente acti-
vo. Un andlisis de las isotermas reducidas al nivel del mar para
I meses de invierno (Atlas Climatoldgicon de México, 1939
muesira que kas isotermas en MExico no Henen uni oreniacion
zonal en el invierno, sino que adoptan una direccidn NW-SE.
Eata onentacidn coincile con la que resulta de ln posicidn me-
dia del lado trasero de la vaguada en s altura. Si se considera a
£51¢ respecto la costa onental de los Estados Unidos, se podria
apreciar claramente que en ¢l drea delantera de la vaguada la
temperatura media mensual en invierno es considerablemente
miis elevada (ver Florida) que la que le cormesponderfa segin
su latitud. Esta posicidn media de la vaguada en la alwra con-
stituve 1ambidn desde el punto de visia climatoligico una
ayuda para explicar la distribucidn espacial de la temperatura
medi mensual durante el invierno,

L= invasioess de stre frio en los dpecos o sotavento de lus monlafiss rcallosas
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Figura 1. Cambio en la direccidn de la cormente de los vienlos po=
lares del peste en la vecindad de Bajs Califomin con intersidades del
vhents de 10 pidos.
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Figara 2. Desviacide amiciclénica de ko vienbos podares del oesle al
mavel de 300 mb en la vecindad de Baj Califomia con velocidad de
wienls de &) nudos,
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RESUMEN
Se exanminan las varaciones de largo periodo de |a visihilided horizosial e direccion del cemro de la Cludsd de Méxicn.

La ransparencia del aire se ha deteriondo en gencral, en el periodo 193775, sin embarge, en la segurda mitsd de los afios setents,
se¢ observa un Incremento en la visibilidsd promedio, Este sumento se debe a unn disminucidn de ka frecuencia de visibilidades malns
imenores de 1 km) ¥ o una mayor frecuencia de visibilidades regulares (de 2 a 10 ken).

Este cambio coincide en general con el tiempo a parnibr del eual las antoridades sanitarins de |n civdad comenzaron o tenar medidas
parn controlar v reducir ks emisioness de comtaminantes del aire.

ABSTRACT

Visihility datn for a 43 year period is used 1o determane changes in the transparency of airin Mexico City, On the sverage a general
decrease in visibility is observed, During the 1990's average visibilities (a1 noon) were from 4 to 10 km decreasing steadily o 1 10 2 km up
tas the first half of the seventies. However, the five vear average vaniation of visibility for the second half of the seventies shows a marked
incréase. When five year avernge frequency of various visibility categories was determined, a significant decrease in the frequency of low
(bad) visibilities during the 1975-79 perind was observed. Also, an increase in the frequency of intermediate {1 10 10 km) visibilities was
neded for the above menticned period. The observed changes in visibility woward & better air quality, could be related 1o sctsons taken by

sunitation suthorities in reducing pollution.

INTRODUCCION

Las particulas muy finas de polvo, asf como los acro-
soles gque fotan en el aire de las cisdades, son los contami-
muntes mos persistentes debido a su estabilidad v a su veloci-
dad de caida casi despreciable. Es sabido que estas particulas
finas en suspensidn producen (junto con otros gases) la bruma
urbana {smog ) reduciendo la transparencia del aire.

En ocasiones la disminucidn de la visibilidad se usa,
en forma cualitativa, para juzgar el grado de contaminacidn
atmoesférica. En un trabajo anterior (duregui, 1969) s¢ exami-
naron las varaciones de la tmnsparencia del aire, ocurridas
hasta el afo 1967 en Tacubaya.

En el presente estudio se utilizan los datos de visibilidad
el nire obiervados en Tacubaya desde 1a década de los afios
ircinta para examinar las variaciones ocumidas desde entonces
hasw el presente, ¥ en esti forma poder juzgar si los cam-
bins chservados en los ditimos afos se pusden atribuir o ks
acciones womadas por las awloridaedes sanitarias, para reducir
en general las emisiones (vehiculares ¢ industrinles) hacia la
avmdsfera urbana de lo Ciudad de México,
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LAVISIBILIDAD Y LA TURBIEDAD DEL AIRE

La wisibilided s¢ define como la mayor distancia en una
direcerin dada, en la cunl puede distinguirse un objeto oscurg
prominente contra el borizonte. La vizibilidad predominanie
es squells que prevalece en mis de lo mitad del horizonte
{Hueschike, 1959),

Las particulas suspendidas en ¢l aire reducen La visibi-
licad al dispersar y absorber la luz que viene de un objeto ¥
de su fondo, aminorando el contraste entre ambos. Por ot
parie, las particulas en suspensitn dispersan la luz en In trayec-
toria de la visual, iluminanco el aire a lo largo de ésta y, en
consecuencia, disminuyendo el contraste entre el objeto v <u
fondo. La dispersidn de la luz en la linea de la visual tiene
mayor efecto sobre In visibilidad cuando las particulas son de
tamudos de 0.1 a | micra. Las partfculas que e encuenimn en
esia categoria de 1amafics provienen principalmente de com-
bustiones v de aerosoles fotoguimicos (Air Quality Criteria for
Pariculate Matter, 1971, Asimismo, cste rango de tamafios de
particulas queda comprendido dentro de los tamatos llamados
respirables (el rango completo va de 0.1 a 5-10 micras. Suess,
I1597%) por lo que no tan solo es significativo en la reduccidn
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de la visibilidad, sino también poor los efectos desfavorables
que sobre la salud tienen al penetrar profundomente cn el
aparato respiratorio, Algunas de estas partfculas que pasan del
tracto respiratonio a la linfa, s sangre o el sistema gastrointes-
tinal pueden tener efectos en otras partes del onganismo.

ab s desea mayor precisicn en ki estimacion de la visi=

bilidad se recurre al concepto de alcance visual, que se define
coma la distancia desde un punto de observacidn hasca la cual
&l contraste entre un objeio negro v el fondo brillante tenen
una relacion de (L02. Esta razdn de contrasie es la minima para
poder distinguir un objeto a la distancia sin aywda dptica.

Fig. 1 . Puntos de referencin pam lo estimacidn de In visibilided en el primer cusdrnte desde Tacubaya (ver wabla 23,

El alcance vimnal estd relacionado con el cocficiente
de extincidn atmosfénica @ (Johnson, 1954) por la relacidn
siguiente v para una longited de onda de 055
_ {002} 3912

5 5

¥

en donde o tiene dos componentes, una debida a la extinestn
por las moléculas de aire, @, ¥ 1a otra originada por la extin-
cifin por las particulas en suspensidn en ¢l aire urbano, &, Sin
embargo, para visibilidades de unos cuantes Kildmetros como
las que se observan en la ciudad de México g, > o,y la ex-
tinckon estd determinada casi completamente por o,

Una relacidn aproximado entre el alcance visual V {en
km} y la concentracidn de particulas en suspensidn G, {en

micro gramos/m’) es1d dada por la expresidn (Air Quality Cri-
teria fior Particuliate Matter, 19705
Ax1o’
i

Vo

(1)

donde A = | 277 . siendo 1.2 la media geométrica.
La relacicdn anterior no es vilida para humedades mayo-
res de T,

Los walores de A se han oblenido empirncamente
(ADCPM, 19700 de ohservaciones en diversas condiciones de
comtaminacidn en ciwdades de los Estados Unidos,

Si aplicamos la fdrmula (1) para una visibalidod de 4 km



en la Ciwdad de México, las concentraciones resultantes
pueden varior de 150 a 600 microgramos/m’, que &5 una gama
demasiado amplia ¥ quizd excesiva en su limite superior.

Para determinar valores miis apropiados de A a nuestro
medio, en la ciudad de México se reqgueriria hacer obsarvacio-
nies simultineas del alcance visual (por medio de on nefeld-
mietre, por ejemplo) ¥ de la conceniracidn de particulas en
suspensiin de la fraccidn respirable.

LOS DATOS

Las observaciones de visibilidad se han llevado a cabo
en forma rutinaria en ¢ Observalorio de Tacubava desde fina-
les de la década de los afios ireinta, Se determing la visibalsdad
{cada hora del dia) que prevalece en cudn uno de bos cuntro
cuadrantes: el primero, del N al E, ¢l segundo del E al 8, el
tercere del 5 al W v el cuarto del W al M. Para determinar
In vizibilidad el observador cuenta con referencias visoales a
diversas distancias, Una ver estimada la visibilidad predomi-
nante en cada cuadrante (en km) la codifica, segin una clave
que va ded | al 8, como siguc:

Variaciones de lango perioda de b visibilidad ¢n 1 ciudad de Mévico

Tabla 1
Clave para codificar la visibilidad en el
Dbservatons de Tacubaya
clave km clave km
1 < 0.5 5 410
2 0.5-1.0 6 1015
3 10-2.0 T 15-20
4 2040 .3 = 20

Una vez codificeda la visibilidad, se anotan los cuatro
niimeros comespondientes ala observacidn horaria en los cua-
troy cumidrantes, A panir del afo 1973 se abandond el uso de
la clave v la visibilidad se asienta directamente en km, Par
homogencizar los datos, este dlime perdode 3¢ ha trmducido
i la clave.

El cosdrante que se selecciond para hacer € presenic
aniilisis fue el comprendido entre el Norte v el Este, va que
enire estas direcciones queda comprendido el centro de la ciu-
dad, donde usualmente la nube de contaminanies es mis densa
(Jaurcgui, 1979). Algunos de los punios prominentes en esie
cuadrante son;

Tabla 2
Puntos de referenda para estimar la visibilidad desde
Tacubaya en el primer cuadranie
Punto de referencia D-i:;ar:]-:ia Direcciin L:ﬂ'ﬂ?:'?“
Hotel Presidente Chapuliepec 25 M I
Castille de Chapultepe: 2.0 MNE 2
Torre Latinoamericana 6.7 NE 3
Cerro Gachupin (La Villa) 4.0 NE 4
Torres Tlateloloo B0 NE 5
Catedral 715 ENE f
Cerro Tlaloc 450 E 7
Carro Pefidn (Aeropusrto) 12.7 ENE B
Valedn [xtlaccihos 600 ENE 2
Palacio de los Depores 1 E 10
Pefidn del Marqués 16 E 1

1o
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La ebservacién escogida para el andlisis de visibilidad
fue ln correspondiente a las 10 de la mafiana ya que por una
parte, a csa hora la wrbidez del wire debida a ln. concentracion
de particulas (fmeccidn respiratoria) alcanza un midximo (f gur
2}, ¥ por otra, la humedad del aire estd en general por debajo
de la sawracidn (fgura 3) de modo que no se podrian atribuir
los cambios observados en la visibilidad a una mayor o menor
frecuencia de nieblas. Ademds, a esta hora quedn descartada
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Fig. 2, Yaracidn divma del polvo en suspension frecci dn respiratona
en dos puntos al & de ln cedad (promedios de 10 dias
cenitrales del mes)

la posibilidad de que las variaciones registradas en la visibi-
lidad se pudieran adjudicar a variaciones en la frecuencia de
wlvaneras, que normalmente se presentan después del me-
diodin, segiin sc aprecia en fa tabla 3.

5S¢ mdvierte en I whla 3 que mds de 1a mitad (66%) de las
tolvaneras ocurren entre Jas 14 v 18 hs v entre las 14 v 20 hs,
se observd el B45% del iofal duranie In década. S8o el 1% ocur-
ricd a kas 10 de la mafana.

F|g- A, Humedsd relativa (en %) en Tacubava en enero ¥
julio de |9TS

Tahla 3

Frecuencia de tolvaneras observadas en Tacubaya a diversas
horas del dia, Periodo 1970 - 79,

Perodo

deldm 111 1RIZ 1204 1416 1618 1820 20-22hs
No. de

EvEnios 4 9 2 7 140 58 4
ik 1 3 10 22 H 1% I

(%)




FLUCTUACIONES DE LA VISIBILIDAD
PROMEDIO

Enla figura 4 3¢ muestran las curvas de los valores men-
sialés promedio de la visibilidad observada desde el Obser-
vidorio de Tocubaya, a las 10 AM., para ¢l periodo de 1937 a
1979, Se advierte en general una tendencia decreciente en la
mayoria de bos meses, Mientras que en lo década de los afios
cumrents la visibilidod (o las 10 am} observada era de 4 a 10
km {clave 5), pam los afios cincuenta habin decrecido a 2=

P NSTN

"daydacia |
- @ om m

Variscionss de lango periodo de b visibilidsd eo b ciudad de México

kmi (clave 4). En los afios scsenta v principios de los setema el
decrecimiento contimeo y las visibilidades se redujerona 1 -2
km {clave 3) aproximadamenie,

En el segundo quinguenio de los afios setentas se advier-
I up incremento en los valores medios de la visibilidod en casi
tedhes bos meses (excepio en el ditimo trimestre).

Los cambios que ha sufrdo la visibilidad, sefialados arri-
b v bessados en la inspeccion de las curvas de la figura 4, solo
pueden ser muy generales v subjetivos.
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Fig. 4 . Visabilidad en Tacubaya, promedio a las 10 am periodo [937-80
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Con objeto de ver si se podian precisar un poco mejor
los &fbos en gue 22 maniliestan bos cambios en la serie de datos,
s¢ ulilizd el método de las desviaciones cumulativas respecto
al promedio. Este método consiste, como su nombee [o sugie-
re, en acurmular las diferencias de cada valor de bn visiblidad
respecto al promedio parn todo el periode,

Los resultades para el mes de enero aparecen en la figu-
ra 5. En esta grifica, s¢ aprecia que hasta 1948 (la primera
década del penodo) lo visibilided se mantuvo por amriba del
promedio. La meseta entre 1949 - 1962 {con un pequefio valle
al final}, seflala el primer cambio imporante en ¢l deterione de

la visibilidad durante 1a década de los afbos cincuenta. El quie-
bre de la curva entre 1963 ¥ 1977 acusa ¢l penodo mds largo
en el que la transparencia del aire continud desmejorindose
por una. frecuencia creciente de valores, menores gue el pro-
medio. Finalmente a partir de 1977 se ohserva nuevamente un
cambio de pendiente que indica el inieio de un aumento de la

tronsparencia del aire capitalino,

Las prificas de las desviaciones cumulativas de la visi-
bilidad para otros meses del afio fueron en general, semejantes
a la del mes d&e enens, con excepcidn de los ditimos meses del
afie,

a]*

Fig. 5 . Desviaciones cumulaiyvas del proensdbo de la visibllbdad a las 10 am. en encno.



VARIACION POR QUINQUENIOS DE LOS
PROMEDIOS DE VISIBILIDAD

a) Déeada de fos alos serenia

De los cambios que & observaron én la curva de des-
viaciones cumulativas de la visillidad de la iguma 5. el mis
interesante es el altimo, ocurmido en ¢ segundo guinguenio
de los afios setentas. Al comparar los dos quinquenios de esta
década los promedios de los cotegorins de la visibilidad en el
tltimo guinguenio resultan consistentemente mayores que los
correspondientes al primer quingquenio, comds 52 aprecia én la
tabla 4.

Los incrementos en la visibilidad del segundo quin-
quenio respecto al anterior varan de menos de 105 (febrero,

Tabla 4

Varisciones de largo perioda de 1s visibilidad en la crodad de Méxion

abril, diciembre) entre 18 v 30 que son la mayoria (encro
y de mayo a septiembre); el mayor incremento se registnd en
el mes de mavo (3098), En el promedio de todos los mees el
mejoramiento de ba visibilidad fue de un 12% entre los dos
quinguenios.

Se aplicd la prueha t de Stsdent para determinar ka sig-

nificancia de los incrementos observados entre los dos quin-
Quenios.

En la mayoria de los casos las diferencias de las cat-
egorias de visibilidad mensual entre los dos quinguenios,
resultaron estadisticamente significatives al aivel de 0.1 %,
dicho de otro modo, los aumentos de la visibilidad observados
en ¢l segundo quinquenio (respecio del primero) de los aflos
setentn, no pueden ser atribuidos ol azar,

Valores promedio mensuales de las categorias de visibilidad
en Tacubaya para los quinguenios 1970-T4 v 1975-79

E F M A M 1] ] A &8 O N D Ao

1970-1974 31 35 33 32 ZT 34 32 33 34 35 30 33 33
1975-1979 34 37 39 34 35 42 A9 39 40 38 37 34 A7
Incremento (%) 10 & I8 6 30 24 22 I8 18 9 12 3 12

b) Défeadas de fos afos clarenta, clilcuenia ¥ Sesenla

Se podria pensar que la tepdencia de la visibilidad a
aumentar, observada al final de los afios setenta s¢ notd lam-
bién en las decadas anteriores. Sin embargo, la tendencia de la
visibilidad en dicho periodo de 30 afios fue consistentemente
decreciente.

Es10 se aprecia en la bla 5 donde aparecen los prome-
dios quinguenales de la visibilidad en Tacubayn para cada mes
del afio, asi como su variacién porcentual o partir del primer
quinguenio de la década de los aflos cuarenta,

En la figura &, construida con datos de la tabla 5, s¢ pu-
ede apreciar un decrecimiento de los valores (especialmente
en ¢l periodo de lluvias mayo-octubre) de la visibilidad del se-
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gundo quinguenio, respecto del primero en las decadas de los
afigs cuarenta, cincuenta v sesenta, El decrecimienio mayor
ocurre en la década de los aiios sesenta, cuando ba visibilidad
deerecid en el promedio anual un 1.3% (tabla 5). En la década
de los afbos cincwenta la reduccitn de la visibilidad Tue de un
B% en ¢l promedio anwal. Finalmente, en la década de los afos
cuarentn, si bien se observid un decrecimiento de la visibilidad
en los meses de Huvia (abla 5), durante el periodo de seca
hubo incrementos de 1a transparencia del aire, los que quizd se
debic-ron, ¢n pane, & una mayor incidencia de invasiones de
wire polar en la segunda mitad del decenio.

Por otra parte. durante los afios cuarenti los cambios en
el volumen de ernisiones (vehiculares v de fuenies fijas) no
fueron tan deisticas coivd en las décadas subsecuentes.
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Tabla 5

Promedios mensuales de la visibilidad en Tacubaya (10 am} por quinguenios

Quinguenio  E F M A M 1 1 A 5 0 N [ Afio
[ eb0-4-4 3% 43 41 40 44 51 50 47 50 &47 43 40 45
45-49 43 458 4B 41 43 4B 45 45 47 44 44 42 45
& +36 *T #1T7 43 -2 B =0 -4 14 H  £F 45 0
1950-54 34 34 A% 319 40 43 42 40 45 40 356 35 39
5559 34 35 40 34 36 35 37 35 3% 38 34 34 39
% i +1 #3 =13 1D -19 12 -12 13 .5 =3 =3 B
1 Sl hd +. 35 43 15 395 39 318 3B 40 3T 3s 35 113
6569 28 33 35 33 33 346 35 34 A6 35 32 30 a3
ki 29 6 -9 6 -15 -8B B -l 12 5 11 -4 -13

LI

3 o

2

'y

:I

T

'y

3
e p——— T B

T EEEEEREESRE

. | /'-1..“_ _____ L

¥ : M,
" e e

3 4
—_—  CARNGUENSS 7374
R T

z

Fig. 6 - Vanacidn de la vissbilidad promedio en Tacubaya.
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VARIACION DE LA FRECUENCIA DE
DIVERSAS CATEGORIAS DE VISIBILIDAD
EN TACUBAYA

Con objeto de examinar con més detalle el origen de los
merementos en los valores promedio de la visibilidad en los
dos tiltimos quinguenios, se determind la frecuencia quingue-
nal de las diversas categorias de visibilidad para cada mes.
Leos resuliados aparecen en la tabla 6 v grificamenic en la
figura 7. Se puede apreciar que en ln mayoria de los meses los
meremenios de bos promedios de la visibilidad en ¢l segundo
quinguenio {respecto del primero) de los afios setenta, 52 debi-
eron, por una parte 8 una disminucidn considerable (de 200% o
mais) en lo frecuencia de las categorias 2 (visibilidad entre 0.5

Tabla 6

Variscicmes de lango pericda de b visibilidad en ln cindad de Mézico

¥ 1 km) v por otr, 4 un aumento de la frecuencia de visibili-
dades 4 v 5 correspondientes a alcances visuales de 2 a 10 km,

En resumen, en el dliimo quinguenio ha disminuido la
frecuencia de visibilidades muy malas (imenores de 1 km}, al
mismo tempo que s¢ ha incrementado la frecuencia de visi-
hilidades intermedias (de | - 10 km). En la misma figura 7
¢ puede apreciar que las visibilidades mavores de 10 km
continuarcn siendo infrecuentes en ambos quinguenios de
los afkes setenta, lo que significa que si bicn ha habido un
cambio significativo consistente cn una mejorfa on la trans=
parcncia (¥ consecuentemente en una reduccion de la con-
taminacion) almosférica on la capital en el dltimo guinguenio,
dicho cambio no ha sido dristico sino muy gradual ¥ por lo
tanto, casi imperceplible para los habitantes de ln ciudad.

Frecuencia relativa mensual de las colegorias de
visibilidad en Tacubaya (ler. cusdrante) para los guinguenios
de la década 1970- 79 (en'%) (a las 10 am)

A M 1 Clave
Categoria _a b a b a b a b a b a b (km
1 4 4 1 7] 2 I 1] 2 3 5 I I A5
2 45 & 28 12 3T 5 41 W 51 13 33 5 D51
3 15 36 22 2 22 XM X W 3 330 2T 2 |2
4 . M 3R % 2 ¥ 2 X 9 M M 35 2-
5 11 12 8 1B 7 18 B m & 16 4 30 410
i) 4 2 3 i i 6 -4 1 1 2 5 3 1015
T 2 i} 4 2 | (1] { L} 1 0 4 4 10-20
3 0 { 3 l 4 0 2 ] [H 0 3 | 20
1 A 3 0 M I Clave
Categoria a b a b a b a b a b i{kin)
1 i 1 ® o 1 0 2 O 3 3 &8 3 038
2 3 10 M 5 33 12 35 14 40 17 3 2 05l
3 2 M 3 I/ 59 19 F OM O OR O3 1-2
o &7 3l I 4 21 33 21 B2 N M Im IS 24
5 0 3 7 B 10 29 10 22 6 17T 5 17 410
] | 2 5 {l B 5 & 3 2 4 4 I 115
7 2 2 A 1 4 2 2 | 3 I 15-2
] | L] 0 | 1 1 3 1] 2 | | L 20

@ = quinguenio 1970-74
b - guinguenio 197579
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Fig. 7 . Frecuencia de las categonias de visibilidad en Tacubaya para quinguenio de la década 1970 - 79 10 a.m.).
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FRECUENCIA ACUMULADA DE LAS
CATEGORIAS DE VISIBILIDAD EN TACUBAYA
ENLAD A DE LOS ANOS SETENTA

Otra forma de mostrar bos cambios ocurridos en la fre-
cuencia de las visibilidades es por medio de las frecuencias
cumulativas. En la figura 8 aparecen las distribuciones de las
frecuencias acumuladas de lus categorias de visibilidad en Ta-
cubayn para los dos quinquenios de los afos setenta. Poede
apreciarse que la mediana de todos los valores de visibilidad
aumentd en el segundo quinguenio (1975-79) respecto del
primero. Este incremento fue mds acentuado (de 34 a 4.4 en
el semestre de Huvias (mayo - octubre) que durante la estacidn
S0,

VARIACION DE LA FRECUENCIA DE LAS
CATEGORIAS DE VISIBILIDAD EN EL
PERIODO 1950-69

Como comprobacidn de los resullados anteriores, se
compararcn las frecuencias de las visibilidades de los dos
quinguenios de la década de bos afios cincuenta y scsenta, cu-
ando no existia regulacidn sobre las emisiones a la atmdsfera
(vehiculares v de Tuentes fjas). Sdlo s muestran los resulia-
dos, para la década de los afios cincuenta (figera 9) va que para
los afios sesenta se obtuvieron resultados semepanies. En el se-
gundo quinguenio de la década de los afios cincuenta sumenio
Ia frecuencia de las visibilidades malas (categorias 1,2 v 3),
mientras permanecad invariable o disminuyd b frecoencin de
las visibilidades regulares de 4 a 10 km (categorias 4 v 5).
Esas diferencias fueron en la mayoria de los meses, estadisti-
camente significalivas (en junio, julio v agosio, al nivel de 0.1
%) por lo que puede afirmarse que en dicha década de 1os afios
cincuenta, la transparencia del aire se deteriord considerable-
mente en la segundn mitad del decenio.
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LA INTENSIDAD DEL VIENTO Y LA
VISIBILIDAD

Es zabido el efecto que sobre la transparencia del aire
tienen ks movimientos wrbalentos del aire. Mientras mayor
zea la velocidad del viento, mayor serd la dilucida v rans-
porte de los contaminantes que flotan en el aire de la Cludad
de México. En consecuencia, los cambios en la transparencia
del aire examinados én las secciones anteriores podrian ser
atribuidos a Auctuaciones de largo periodo de lo intensidad del
viento en el dren gue ocupa la ciudad, Asi, el mejorarmiznto
de Lo visibalidad en el Gltimo guinguenio de los afios sebenta,
podrin haberse originado por una mayor freceencia de vientos
mds vigorosos.

Para dilucidar este punto se determing el coeficiente de
correlacidn entre la intensidad media (semesire nov-abr) del
viento ¢n Tocubaya ¥ la visibilidad media cormespondiente (a
las 10 am), para ¢l periodo 1941 - 1979, Bl cocficicnte de cor-
relacidn fue de 0.46. Elevando al cuadrado este coeficiente se
abticne ¢l coeficiente de determinacion que indica que sobo un
21 % el rotal de los vansciones de la visibilidad pueden ser
explicadas por las fluctiaciones de la intensidad del viento,
Las variaciones de lurgo periodo de la visibilidad v el viento
¢ muestran en Lo figuny 10,

FRECUENCIA DE LAS CATEGORIAS DE
VISIBILIDAD EN EL PRIMER
TERCIO DEL ANO 1980

Al comparar Ia frecuencia de categorias de visibilidad

correspondientes a los primeros cuatro meses del afio 1980,
respecto a la observada en el quinguenio 1970-T4, se obticnen

I Varaciones de lange periodo de b visibilidad em ks cludad de Méxioo

las mismas tendencias que destacan al comparar 1os dos quin-
quenios de la década de los aftos seicnta, aungue en esie caso
quizd mas acentuadas (figura 113, S¢ adviene en esta figurs la
reduccidn acentuada (mayor de 20) que ha ocurrido en los
cuatrn primeros meses del afio 1980 de la frecuencia de visibi-
lidndes malas (calegorias 2 v 3) respecio de la cormespondiente
al quinguenio 1970-74, Coincidenlementes, se aprecia un nu-
mento de los frecuencias de visibilidades regulares (categorias
4 ¥ 3, de 2 a 10 km}, permancciendo poco frecuentes bas visi-
bilidades buenas (categorias 6, T v 8, de 1004 mads de 20 km).

CONCLUSIONES

En el presente trabajo se cxaminan las vanacromes
ocurmidas en la visibilidad honizontal en el Observitorio de
Tacubava, v ¢n direccidn del centre de 1a cludad, durante ¢l
perlodo 1937.1979,

La transparencia del aire capitaling se ha deteriorado
durante dicho peripdo mientras que al pancipio del periodo
las visibilidades promedio Muctuaban de 4 a 10 km, al princi-
paar ka década de los afios setenta, éstas se habian reducido a
1 02 km. En 1a segunda mitad de los aflos selenta se adviene
un ingremento de las visibilidodes promedio. Este aumento re-
specio del primer quinguenio de los aflos setenta resulld ser
estadisticamenie significativo.

El incremento observado en las visibilidades promedio
s debe o una disminuckin de la frecuencia de visibilidades
malas (menores de | km) ¥ a un aumento en la freceencia
de visibilidades regulares (de 2 a 10 km). La frecuencia de
visibilidades buenas {a las 10 am) ha permanecido baja, es
decir, el cambio que se puede advertir entre las visibilidades
de la década pasada (los setentas) ha sido muy gradual, pero

-l - = [
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Fig. 10 Fluctuaciones de la visibilidad (10 a.m.)  ab v de ln intensidad media del vients b} en Tacubaya para periodo 194] - 79
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en |a direcciaon de un mejoramients & |a trunsporencia del aire
capitalino. Los mismos resultados se observan al comparar el
primer cunrto del afio 1980 con el primer quinguenio de los
anfios selentn,

Al correlacionar las variaciones de la visibilidad prome-
dio con la intensidad del vienio se llega a la conclusidn de que
silo el 20% de dichas fuctuaciones se pueden explicar por
vartacionss en ln intensidad del viento observado en la Ciudad
de México.

Los resuliados anteriores Ilevan a la conclusidn de que
la reduccidn de la frecuencia de las visibilidades bajas obser-
vadas a pantir de 1976-T7 en I ciudad, no puede ser afribuida
completamente al azar o o las Auctusciones en b intensidsd
de los vientos locales v que quizd tenga su origen en las medi-
das que para regular v reducir [as emisiones (vehiculares v de
Tuentes fijas) fueron tomadas por las autoridades sanitarias, las
cuales comenzaron a lomar efecto o partic del dliimo wercio de
la década de los afios setenta,
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RESUMEN

En el presente trabajo reportamos los efectos observados en la troposfera sobre el territorio mexicane despeés de s erapciones
del wolcén Chiclwin. En el estudio se stilizaron los registros de femperatura del aire de cinco observatorios, asl como los observaciones de
radiscidn solar y narbiedsd aimosférica realizndas en Ta Ciudad de Mdxico.,

Los resultadcs, a partir de los daios observacionales, muestran que de mayo-junio 1982 & marzo-nbril 1983 se observd en todos fos
abservalorios una tendencin al enfrismiento do | wemperatura en superficie. Al final del enfrinmiento, se presenid un caleniamiento abrupio
en ¢l verano de 1983 concomitante o una extincidn imponante de la radiacidn solar divects v 1a comespondiente elevacidn de ba tushiedad
del aire. El enfrinmienio regional cheervado estd de acoerds con los resultsdos de los modelos sobre efectos atmosféricos de erupciones
volcinicas, basados en In ransferencia radistiva. Al analizar conjuntamente nusstros resuliados con aquelios logrados mediame aviones de
reconorimienio de la NASA vy ks sondeos de globos estratosfiénicos efectuados durante el mismo periodo, s llega a la conclusin de que

eite calentamiento regional, asecindo 4 una importante extincida de la radiacidn solar, podrin deberse ol descense masivo a la troposfern
de los serosoles voloinicos estratosféricos

ABSTRACT

In the present study we repot the tropospheric effects observed on the Mexican territory of El Chichda voleano eruptions. We have
used in the study, the air surface temperatune reconds of five ohservatones as well o solar radistion and mmospheric turbidity measure-
mends made in Mexico City. The resules show that from May-June 1982 o March-April 1983, a temperature coofing trend wos ohserved in
all the Dhservatonies, followed by an abrupt warming in the summer of 1983 concomblant 1o an impartant extinction of direst solor radin-
tion and the cofresponding elevation of atmospheric turbidity. The observed regional cocling is in agreement with the results of radiative
transfer models on atmespherie effects of voleanic enuptions. The joint analysis of our results logether with those reported from NASA
nircraft observations &nd those of stratospheric balloons performed ot the same time perbod, points out to the conclusion that this regionsl
tropospheric warming associated Lo an importand solar radiation extinetion, may be due 1o the massive descent into the troposphere of the

stratospheric voleanic seroscls,

INTRODUCTION

During the eruptive process of the Mexican voleano El
Chichdn {17.3° N, 93.2° W), between Muarch 28 and April 4,
1982, large amounts of volcanic malerials were injected into
the statosphere: about 107 metric tons of sulfuric acid soon
developed in the stratosphere (Hofmann and Rosen, 1983a;
MoCormick and Swissler, 1933).

The injection of sulfuric gases and particles into the
stratosphene, their latitudinal and longindinal propagation and
the formation of the volcanic agrosol layvers, were followed by
getive and satellite-bome remole sensors (Bundeen and Fraser,
1982).

The Geostationary Operational Environmental Satel-
lite (GOES) was the first satellite that recorded the eruptions.
After the first eruption the cloud spread both NE and SW.
Due 10 the tropospheric westerly drift a relative low-altitude
serosol cloud reached soon Cuba (Mojena and Gareda, 1984),
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however, it was o second component which reached the strsto-
sphere and propagated both 10 Central Mexico and the Pacific
Croean coasts, This stratospheric component drifted westward
encircling the canh in about three weeks (Robock and Mal-
son, 1983). Although the dust cloud appesred 1o streteh out in
longitude it exhibited very little latitudinal motion. remaining
several months in the latitudinal kand from 10°5 o 305N (Mal-
son and Robock, 1984,

The above important fact was later cormoborated by lidar
remote measurements camied out by several aircraft missions
covering latiiudes from 9N 10 56°5 (MoCormick er al.,
1984, Through the use of balloon bome optical particle coun-
ters, it was also possible o study the formation of two strato-
spheric aerosol layers, one of very large droplets (main mode
radius (L3 pm) at 25 km and a larger one of nearly the same
concentration but of lesser size (main mode radius 0,15 pm)
ot aboul I8 km {Hofmann and Bosen, 198351, Due to the opti-
cal properties of such voleanic sulfuric acrosol layers, there

was a substantial solar mdiation absorption in the tropical
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stratosphere, This gave place 1o imponant stratospheric warme
ing, during the summer and awumn of 1982, at the 50 and
J0emb levels between 1075 and 300N (Labiteke of af., 1983,
and Quiroz, 1983a).

In the present study we report the observed effects due
to the long-term permanence of the siratospheric swlfur-rich
serosol layer on the Mexican territory. We have siudied the
air surface temperature departures from normals as well as
the behavior in time of the observed changes in the incoming
solor radistion and atmospheric nurbidity.

DATA

Surface temperatures recorded at fiveobservatories of the
Mexican National Meteorological Service, Trom 1962 1w 1983,

Table
Surfuce Tempernture Data:
Monthly Normals and Standard Deviations
{in ") (Means: January 1962 - December 1981

were used in the present study. Monthly mean temperatires
over the period 1962-198 1 were computed and used as month-
Iy “normals™. The considered observatonies, their monthly
normals { X, ) and corresponding standard deviations (5, ) are
given in Table |.

We have also used solar radiation and atmospheric tur-
bedity data, as determined by the Angstrom turbidity coeffi-
cient 8. recorded from 1975 o 1983 at the Solar Radistion
Cservatory of the Institateo de Geofizica (UMNAM) located at
the University eampus in Mexico City,

The monthly normals of these two parameters over the
perind 1973-1981, and the cormesponding standard deviations
are given in Table 2. These values ane based on measuremendis
misde between the 10000 and 14:060 hes. local time,

I

OBS JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC
ENS 138 14.1 142 156 168 183 M3 26 N 158 16.3 143
149 143 138 136 .40 1.66 1.36 1.48 1.59 1.50 140 145

MER 230 235 262 179 2®9 182 6 X6 B X9 242 13
1.23 Lt 120 100 1.6 102 089 098 1.61 084 098 109

TaAC 122 145 1649 18.1 18,4 172 6.1 163 [T 5.3 143 134
0RF 090 1.64 127 070 121 055 057 049 083 09 07

VER 213 215 235 29 273 TI7 O MIs Y9 O MME WA M4 1k
102 107 1.5 074 133 091 103 052 033 077 110 1.1

ACA 22 %2 265 172 W4 W4 WS 283 I WD 276 w7
076 O3 049 052 14 068 058 07 072 057 087 074

ENSENADA (ENS) (3ISI* N IG3ITW 3masxl) VERACRLUIZE (VER) (19.02*N 908" W 16mnasl)
MERIDA (MER) (3050 N BOSP*W Omatl) ACAPLULOD (ACAY (1650° N 9055 W ~l0masl)

TACUBAYA (TAC) (1923 N 9908° W 2308 masl)
Table 2
Solar Radiation and Atmosphenc Turbidity Data:
Monthly Momals and Standard Deviations
i Means: January 1973 - December 1981)

JAN FEB MAR APR MAY JUN JUL  AUG SEP OCT NOV  DEC
. 750 BOOS  TRE3 TS 6293 TI6S 6565 6558 6969 6900 TIAT 074
(Wim*) 444 1388 1207 1353 1200 1528 1374 10 1263 1416 1ME 136D
0032 0040 0157 022 0303 0221 0261 0260 0225 0227 0178 0069
B Gl OL08 0097 0433 0041 0049 0138 0U28 0422 0035 0099 0401
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METHOD ANALYSIS

In order to study the impact on the troposphere of the
March-April 1982 eruptions of El Chichdn voleano, we have
compared the 1982- 1983 magnitudes of ithe departures of the
manthly values of surfuce lemperatures, solor radiation and
atmospheric turbidity, from the smogthed monthly normals
which represent the seasonal trends. This was dome in order
to carry out the analysis on data that are trend-free. As the
data cover [2-month periods, the method used o determine
the seasonal trends was the harmonic analysis of the monthly
normals. For the temperature data, the scasonal trends were
computed using the first two harmonics, while for the solar

Armosphenic impast of the voleasic eraptices of El Chichdn over Mexica

rackiation and atmosphenc turbidity data, which are influenced
mainly by the prevalent air pollution, the first four harmionics
were used, The magnitude of the departures are given in Tabes
3 and 4, Since the distributions of the monthly departures, for
each af the parameters studied, were proved 1o be essentially
normal in character (the autocorrelation coelficients at lag one
month between points were nod significant ot the 95% confi-
dence leveld, we have applied the usual procedure of standard-
ization toour data, In this way, each data seres of departures
for each calendar month is expressed in the form of depanune/
standard deviation ratios. The siandardization makes all de-
panures statistically comparable in magnitude and permits a
probability evalustion of their statistical significance.

Table 3
Monthly Temperature Departures (1982 - 1983} (in "C) from Smoothed Nommals

OBS YEAR JAN FEB MAR APR MAY JUN JUL AL 5EP OCT MOV DEC
ExS 1982 -1.5 0.1 A} 5 04 0.3 =16 -13 -13 04 {5 -1.8 23
1983 (1.5 (1 T1] 0.2 T 0.2 0.1 05 12 18 in -4 14
MER 193 I8 1.5 0.4 12 .3 04 <03 0.0 0.2 0.5 0.0 2
1983 Bl -19 -2 =12 14 i A1 8 o0 {5 0.4 .1 (]
TAC 1952 1.6 0.3 1.1 1.6 LIEL 15 0.0 0.7 1 i 0.2 0.6 05
1983 07 -12 -0.2 15 32 256 03 0E 3 2 .2 1.1
VER 19a2 1.5 0.5 b 08 03 13 02 02 (i .1 3 0.0
1983 A8 2 0.4 =}.2 02 I35 0.1 0.6 [T 0.5 04 03
ACA 1582 0.7 0.4 .1 1] Lh 03 02 . 0.l 0.2 0.2 -0.7
1581 0.2 -1 -13 1.0 {13 7 | {r4 04 | B 0.0 -2
Tahkle 4
Monthly Departures ( 1982 - 1983 of direct solar radiation (W'm®)
and the ;;..ngsh'-:rm Burbidity coefficient from Smoothed Mormals
YEAR JAN FEB MAR APR MAY s JUL ALG SEP OcT NOV DEC
A 1952 191.2 1905 1758 b 1521 -1842 -1632 -Br3  -i2d9  -136 <1528 <1723
{Wim 1= 1312 67.7 T4 M4 2198 M) -136T 663 5.3 X357 =345 -3d4
1982 0029 0027 01X 083 0023 T2 048 0057 005K 0093 U097 0135
A | 263 07 0029 0032 0065 0259 (003 O O00%  J009 0023 Q02 000
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Fig. 1. Standardized monthly departures from normals during the years 1982 and 1983 for data given in Tables | and 2. The dashed lines repre-
sent the 95% confidence levels,

Figures | show these standardized departures. The
dashed lines in these figures represent departures equal 1o
twice the standard deviation.

20 vears, The same is true for the solar radiation and atmo-

spheric turbidity departures. These wransient effects on sur-

face temperature after an eruplion were also observed dur-

ing the Saint Helens eruptions by Robock and Mass ( 1982).

RESULTS AND DISCUSSION

2. A general cooling trend stamed in May-June 1982 (one to
iwo momths after the eruptions) and ended in February-
Muarch 1983, This cooling trend, most clearly seen in Méri-
da, Acapulco and Veracruz, and which lasted for nearly
one year, was found 1o be statistically significant when the
Spearman rank comelation (r, ) test was applied. In fact this

Inspection of the maonthly departures profiles in Figures
I reveals a number of features that deserve comment. notably
& follows:

1. During the summer of 1982, following the eruptions of El

Chichdn, the lemperature departures, between 32°M and
I6*N on the Mexican territory, were in general positive,
becoming larger (approsimately + 1.6%°C in Tacubaya and +
1.3 in Veracrue) in June. Nevertheless, all the values are
well within the range ( |x/s [ < 2.0 ) of the data of the previous
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test, which measures randomness against the alternative of
trend, did nod produce a single significant result such as
those Found in 1982-1983, durng the previous 20 vears of
observations.



This result can be explained in terms of theoretical resulis
which have predicted imporant effects vpon climate by
volcanic eruptions {Pollack er af., 1976; Hashvardhan and
Cess, 1976; MoCrcken and Luther, 1984; Robock, 1984 if
one takes into account the experimental findings by NASA
aircraft missions (MeCormick er al,, 1984) and the oplical
particle measurements made on balloon ascents (Hofmann
and Rosen, [984). These measuremients confirmed the ex-
istence of iwo stratospheric lavers, one below 20 Km mov-
ing slowly towards higher latitudes, and another above 20
km constrained o a latitudinal belt hetween about 1075 and
307N for approximately & months.

D to the size of the stratospheric aerosed at 25 km (main
mode rdius ~0.3 pm), we believe that this layer was the
responsible of the observed cooling trend. The physical ex-
planation is straightforward and has been given by Hansen
et al. (1978) wsing a one dimensional madiative-convective
model. The sulfuric acid is kighly reflective 1o solar radia-
tion and thus lends to decrease the amount of solar radiation
absorbed by the earth-aimosphere system. The senosols, on
the: othier hand, also interact with the thermal radiation as it
was ohserved with the Solar Mesosphere Explorer Satelline
(Burth er al., 1983 ), causing a warming of the svstem viaa
greenhouse effect. However, the size of the serosols imply
s very small optical thickness in the infrared for the green-
housz ¢ifect 1o exceed the albedo effect. Henve, o decrease
in the tropospheric temperature is expected.

Dwuring the whole perod of the cooling trend, the solar ra-
dintion held showed a slow tendency to recover, while the
turbidity cocfficient showed a corresponding decreasing
lendency.

. The end of the cooling trend, in February-March 1983,
wak marked h:,' a sidden increase af temperalure, wilh the
maximum being reached in May-June 1983, This lempera-
ture increase was coincident with a drastic diminution of
the direct sodor mdiation (approximately 150 W/m® )} and a
rapid increase of the Angstrom turbidity coefficient. These
departures were even greater than those observed the year
before, after the eruptions of El Chichdn,

The above observationad Facts may be related to the remoy-
al processes of the volcanic stratospheric aerosol pamicles.
Hofmann and Rosen (1983a) found that the two serosol
lavers were decayving exponentzally with time decay ol the
order of 8.5 and 7.6 months for the layers at 25 km and 15
km. respectively. These resulis imply that during May-June
1983, about 60% of the acrosol mass density was removed
from the stiratosphere amd spreading latitwdinally, partially
descending into the phere. The resulis of the NASA
pircraft mission of May 11-17, 1983 show the highest acro-
sol backscaner ratio, at A = 0,6943 pm for an altitude be-
tween 18 <21 km {Figs. 20 10 23, McCormick er al., [984).

1 Aumespheric impact of the volcanic eruplions of Bl Chichdn pwver Mexico

The latter fact may be associated with the increased solar
radiation extinction af the ground. To compleic a green-
house effect thay would explain all these observational re-
sults, one neads to have mformation on infrared rodiation.
Unforiunately, we do nol have it.

CONCLUSIONS

The observational results here reported show the fol-
lowing facts:

1} A regional (16°- 30°N) cooling trend at the ground
which started in May-June, 1982 and ended in Manch-April
1983, The highest negative anomaly was present during win-
ter of 1982-1983. These resulls are in agreement with most of
the results predicted with theoretical models of atmospheric
impact of volcanic eruptions.

2) A regionad (16" 30°N) shon-period warming at the
ground after the cooling trend during May-June 1983, The
warming is simullancously present with extinction of solar
radiation and increase of atmospheric wrbidity. When one
compares these resulis with those experimental ones, deter-
mined from balloon ascends and aircraft platforms, it is found
that this tropospheric shor period warming may be due to the
descent into the roposphere of the volcanic (H, 50,) strato-
spheric acrosol during the removal processes, To consider a
greenhouse effisct it would be necessary w study infrared m-
diation which we do not have at present at owr disposal.

3) While the observed low-level cooling over Mexico ap-
pears to be a plausible effect of the volcanic cruptions, it is
difficult 1o disentangle this regional cooling from hemispheric
warming and cooling patierns evidently associated with the
1982-83 El Mifko (Quiroz 19830, Rasmusaon and Hall, 1983).
These patterns were characterized by bands of warming in
the tropics (the tropospheric warming being greatest in the
cast Pacific), cooling near J0°N {see negative ancmulies in
Ensenada), and intense warming over middle 1o high lintinudes
of the Morth American and Eurasian continents (see Figs. 8,
15,23 and 24 of Qo 19830 ), Data available after winter 82
= B3 (Quirog, privale communication, 1984) indicate a damp-
ening of these patterns by summer 1983, consistent with the
change in gign of the surface temperiture anomalies observed
over Mexico,

ACKNOWLEDGEMENTS

We would like to express our gratitude o Mr. J, L. Bra-
vo. A, Vivar, V. Valderrama and Miss H. Gdngora, from our
Institute, and Miss, G, Carrillo, from the National Meteoro-
togical Service, who Kindly provided us the meteorological
data.



I. Cisdindo er ai.

BIBLIOGRAPHY

BANDEEN, W, R. and R. 5. FRASER Eds, Radiative Effects
of the El Chichdn Volcanic Eruption: Preliminary Re-
sults Conceming Bemote Sensing. MASA Tech, Memo.
R4959, 102 pp. Greenbelt, MDD,

BARTH, C, A., B. W. SAUNDERS, R. J. THOMAS, G. E.
THOMAS, B, M. JAKOSKEY and B, A, WEST, 1981,
Formation of the El Chichdn Aerosol Cloud, Creophys.,
Res. Lene, 10, 993950946,

HANSEN, I. E,, W-Ch, WANG and A. A. LACIS, 1978,
Mount Agung Eruption Provides Test of a Global Cli-
matic Perturbation, Science, 199, 1065- 1068,

HARSHVARDHAN and R. D. CESS, 1976. Stratospheric
Acrosols: Effect upon Atmospheric Tempersture and
Global Climate. Tellus, 20, 1-9,

HOFMANN, D. ). and J. M. ROSEN. 1983a. Stratospheric
Sulfuric Acid Fraction and Mass Estimate for the 1982
Volcanic Eruption of El Chichdn. Geaplys, Res. Lett.,
10, 313-316.

HOFMANN, I3, I, and J. M. ROSEM, 19836, Balloonbome
Particle Counter Observation of the El Chichdn Aerosol
Layers at the 001 - | 8 pm Radius Range. Report No.
AP-TT, Depl. of Physics, University of Wyoming.

HOFMANN, DU ). and 1. M. ROSEN, 1984, Balloonbopme
Particle Counter Observations of the El Chichdn Aero-
sol Layers in the (L0 - 1.8 pm Radius Range. This issue.

LABITZKE, K., M. NAUIQKAT and M.P. McCORMICK,
1983, Temperature Effccts on the Stratosphere of the
April 4, 1982 Eruption of Bl Chichdn, Mexico, Geo-
Phys. Res. Len., 10, 24-26,

MATSON, M. and A. ROBOCK., 1984, Satellite Detection of
the 1982 Fl Chichdn Eruptions and Stratospheric Dust
Cloud, this issue.

McCORMICK, M P.and T. ). SWISLER. 1983. Stratospheric
Acrosol Moss and Latitodinal Distribution of the El
Chichdn Eruption Cloud for October 1982, Geopliya.
Res. Leiv., 10, BT7-880.

McCORMICE, M P, T, J. SWISLER, W. H. FULLER, W.
H. HUKT and M. T. OS5BORN, 1984, Airbome and
Ciround-Based Lidar Measorements of the Bl Chichdn
Strospheric Acrosol from 90°N 1o 5675, Crraf Intern..
this issue.

McCRACKEN, M. C. and F. M. LUTHER, 1984, Preliminars
Estimnie of the Radiative and Climatic Effeciz of the El
Chichdn Eruption, this issue,

MOJENA, E. and 0. GARCIA, 1984, Propagacidn sobre Cubs
de la Mube de Ceniza de los Erupciones del Volcdn
Chichdn, marso-abril, 1982, This issue.

POLLACK, J. B, 0, B, TOON, C. SAGAN, A_ SUMMERS,
B. BALDWIN and W. Van CAMP, 1976. Volcanic Ex-
plosions and Climatic Change: A Theoretical Assess-
ment. J. of Geaphys. Rev,, 81, 1071-1083,

QUIROZ, R., 1983a. The Isolation of Stratospheric Tempera-
ture Change Due to the El Chichdn Volcanic Eruption
from Nom-Volcanic Signals. J. of Geophys. Rev., 88,
6T T3-6THN,

QUIRCE, B, 1983b, The Climate of the “El Niffko™ winter of
[1983-3, a season of extraordinary climatic anomalies,
Monthly Weather Review, I, 1685= 1706,

CHIROE, R.. 1984, Private Communicalion,

RASMUSSON, E. M. and J. M. HALL, 1983, El Nino, the
greal equational Pacific Ocean Warming Event of 1982
- B3, Wearkerwise, 36, 166-175,

ROBOCK, A_and C. MASS, 1983, Large Shon-Term Surface
Temperature Effocts, Science 2146, 625-63),

ROBOCK, A, and M. MATSON, 1983, Circumglobal Trans-
port of the El Chichdn Volcanic Dust Cloud. Science,
22, 195197,

ROBOCK, A, 1984, Climate Model Simulations of the Ef-
fects of the El Chichén Eraption, this issue.

I. CGralindo®, J. A, Onolo® and G, Zensemo®
*Imxtiteno de Creafiitoa, DINAM,
CP M50, Ménon, 0. F, Mém



50 Afee e ke £0 M LR

Heissprein de Grafides faieraicioml, JT-1, 1998

Feedback effects of atmospheric CO,-induced warming

Julidin Adem'? and René Garduiio®
! Member of El Colegio Macional, México,

* Cenitro de Ciencias de la Atmdsfern, UMAM, México, DF, México.

Received; Movember 15, 1997, accepled; February 11, 1998,

RESUMEN

Lltilizande un modelo temmodinimice del clima, se lleva a cabo un estudio sobre bos cambios en la temperalun v precipitaciin
debidas o una duplicaciin del contenido atmosféncn de CO, ¥ sobre ks imporiancia relativa, oo la temperatura, de ks mecanismos de
retroalimentncidn asocisdos con bos sumentos de vapor de agun, pieve-hicko ¥ nubosidad, Los factores de retroalimentacidn del modelo
termodindmico son similares o los de los modelos de Hansen et al. (1984) v Schlesinger ( 1986). El factor de relroalimeniacidn de los tres
mecanismos combinados s 4.0. Los resultados dependen en forma imponante del contenido de vapor dé agua en ba banda del OO, {12-
154]. El sumento de temperatura debido s la duplicscion de OO0, es igual a 1.2* C cuando existe vaper de agus en dicha bands v e igual a
A5% O cuando no hay vapor de agua. Los resulindos muoestrn gque una posible causa de las grandes diferencias en los soduciones obtenidas
con diferentes modelos podrian ser las discrepancias en la cantidad y distribucidn del vapor de agua en la atmdsfera, ¥ en el tralamiento
de s efecto en la banda del ['.:ul:r:.

PALABRAS CLAVE: CO, atmwsBérico, calentamiento, retroalimentadones,

ABSTRACT

Using a thermodynamic climate model, emperature and precipitation changes due w0 a doubling of atmospheric OO, contens, in-
eluding the comesponding feedback temperalure increases of water vapor, smow-ice, and cloudiness, are evaluated, The feedhack factors of
the thermodynamic model are similar to those of Hansen e al. { 1984) and Schlesinger { 1986). The feedback factor of all three mechanisms
combined is 4.0, The results depend mainly on the content of water vapor in the 0, band (12-19m). The temperture increase doe 10 o
doabling of OO, s 1.2* C when there is water vapor in the band, and 3.5 C when there is no water vapor, Therefore, o possible cause of
the stromg differences in the solutions obtained by different models is the discrepancy in the amount and distribation of water vapor in the

atmesphere, ard in the trestment of its effect in the OO, band.
KEY WODRDS: Atmospheric OO, warming, feodbacks.
L INTRODUCTION

The effect on the surface lempernture of an increase in
atmospheric C0, has been discussed by many authors, us-
img a varicty of models, Tricot and Berger (1987), extended
Schiesinger's (1984) summary. Figure |, reproduced from
their paper, includes our earlier resulis (Adem and Gardufio,
1984). The figure shows the change of surface air lempera-
ture for a doubling of C"D: conceniration in the atmosphere,
pecording to different authors, using encrgy balance models
(EBMs), radiative-convective models (RCMs) and peneral
circulation models (GOMs). The values vary from 0.5° 10 557
C. v is essential to carry oul numerical experiments 1o de-
lermine the possible causes of such o wide range of valees.

Using the Adem Thermodynamic Climate Model
(ATM}, we carry out numerical experiments 1o evaluae the
feedback effects for increases of the atmospheric water vapor,
spowsice on oceans and continents, and cloud cover, due o a
doubling of the CO,. We use a version of ATM with an annual
eyele of snow-ice (Adem, 1982), which has been modified to
conserve the water in the system (Adem and Gardufio, 1984).

In the carlier experiments (Adem and Gardufio, 1982,
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1984) we had used different estimates (Yamamoto and Sa-
samori, 1958, 1961) for the emission spectrum of OO, and
the H,O fecdback was not included. In the presemt work we
use mew spectra (Smith, 1969, Gardufio and Adem, 1988) of
€0, and H,O for wavelengths longer than 12y, and a Ramana-
than { 1976) 1ype spectrum for wavelengths shorter than 124
for H,0). As for the cloud-temperaure feedback, instead of the
former treatment (Adem, [982), we now use a parameteriza.
tion of relative humidity os a function of the horizontal exs
tent of closdiness (Adem, 1967), plus the assumption that the
relative humidity remains fixed (Gerdufio and Adem, 19493),
Finally, the snow-ice-temperature leedback is performed by
coupling the 0* C computed surface {ocean of continental
ground) sotherm to the boundary of the honzontal extent of
snow-ice { Adem, 193825,

The model generates tropospheric, surface ocean, and
continental ground temperatures, as well as the precipitation.

The region of integration of ATM includes nearly all
Northern Hemisphere (NH). The variables are computed
monthly.

2. DESCRIPTION OF THE MODEL
The model consists of an pmosphenic laver of about 9
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Fig. 1. The change of surface air lemperture {in ® C) for doubling the 00, concentration as simulated by energy balance models (EBMs), radia-
tive-convective models (RUMs) and generl circulation models (GCMs), This figure was adapted and modilied by Tricot and Berger ( 1987) from a
previous one by Schlesinger (15845, The resubts are numbered in chronological onder: | Manabse and Wetberald { 19673, 2 Manabe { 19711, 3 Rasool
and Schneider {1971), 4 Weare and Snell (1974}, 5 Manabe and Wetherald {1975), 6 Temkin and Snell (1976), T Augustsson and Famanathan
{1977}, 8 Rowntree and Walker ( 1978), 9 Ohsing and Adier (1978}, 10 Ramanathan et al. (1979), |1 Hunt and Wells { 1979, 12 Ackerman { 1979),
I3 Potter {1980), 14 Wang and Stene (1980}, 13 Manabe and Wetherald (1980}, 16 Ramanathan (1981), 17 Charlock {1981), 18 Hansen et al.
(1981}, 19 Hummel and Kuhe (198 1a), 20 Hummel and Kuhn (19810}, 21 Hummel and Bock (1981), 22 Hunt { 1981), 23 Wang et af, {1981), 24
Chaow et ol (1982), 23 Humemel | 1982a), 26 Hummel (1982h), 27 Lindeen o al { 1982). 28 Schlesinger ( 1983}, 29 Washdngton and Meehd {1983,
30 Adem and Gardufio (1984), 31 Wang er al, (1984), 37 Somerville and Bemer (1584), 33 Lal and Ramanathan ( 1984), 13 Washinglon and Meehi
{1984, 35 Hansen er al. (1984), 36 Cu and Liou (1583), 37 Guiowski et al. { 19851, and 38 Wetherald and Manabe { | 986

km high which includes a cloud layer, an oceanic layer of 50
1o 100m in depth and a continental laver of negligible depth.
The basic prognostic equations are those of conservation of
thermal energy os applied to this atmosphere — ocean —con-
tinent sysiem.

The ventically integrated equation of thermal energy for
the atmospheric layer is (Adem. 1965a):

2
o
where ¢ is the time, T is the deviation of the mean atmospher-
i¢ absolute temperature from a constant valve T_ T >=T!

ey I8 the specific heal of air of constant volume. And

(1

+AE=W-|- = 'Er eﬂ', +L':

LA

N H &
ag=f, Mz, Apmc,M, VT, and M, =[] pivid:

where f is the constant height of the model atmosphere (ie.
the top of the troposphera), ¥ is the two-dimensional horieon-
tal gradient operator, 2 is the vertical coondinate and r° is the
density given by

ttar(1+b(H=2)/(T, =bH 2
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wherne
i [
L

T = T 4T . ¥ isafixed constant density at z= M , b isthe
lapse rate used in the atmospheric laver, ¢ is the acceleration
of gravity, R is the gas constant, vj; is the horizontal com-
ponent of the wind, and 1} is the value of r° obtained by
replacing T, by T,

Ini1) E; is the rate at which energy is added by rdistion, G,

is the rate af which hear is added by vertical turbulent transport
from the surface, and &, is the rate at which heat is added
by condensation of water vapor in the clouds. The local rate
of change of thermal energy is o, a, 87, /¢ | the advection of
thermal energy by the mean wind is Ay and the horizontal
transport of heat by transient eddies is W .

The equation used for the ocean laver (Adem, 1970a) is

M.c, %. E sth = (2)
where T = T, =T, isthe departure of the surface ocean absolute
temperature T, from a constant value T, where T, =T,



F, is a constant density and ¢, is the specific heat, & is the
depth of the layer, £, is the rate at which energy is added by
radiation, G, is the rate at which sensible heat is lost to the
atmosphere by vertical turbulent transport, and &, is the rate
al which heal is lost by evaporation.
Ower eontinenis, {21 reduces 1o
a “'-E. ""G: "G! :

If we use parameterizations for B, E, G-, Gy, 05, Ay
and Wy, then the different components that appear in (1) and
(20 arc expressed as linear functions of T, and T2 or of their
first and second derivatives with respect 1o the map coordi-
nates v and ¥,

The parameterizations of the heating and transport com-
ponents require the uwse of physical laws and conservation
principles supplemented by observed data, so that the formu-
Ins used are semi—empirical.

A PARAMETERIZATION OF ATMOSPHERIC
RADIATION

Using a methad similar 0 the one developed by Adem
(1962) and Adem and Gardufio {1982, 1984) we oblain:
EiT)=sT'=(1-a )F(T.2m83m

~{1-a, | F{T B3m12m)

- E {1 —iT, :FI:T,rlHl[n + | h'l'a

amid

(3)

where E(T) is the atmospheric emission at temperature T for
clear sky. The function F(T.0 ).} s given by

FLT1 I,'I 2}: J’II IE.I -!-t-:. i rl:l'l

=| o r T .|..—-—-Ir! .+.-6-1:l+£ I t-t]
I o, ¥ :-_:.l "' r;] r:
where | is the wavelength 3 = 8215x 107" calem™ [*K)™

min' » & = 5538107 cal ni'em™ min™' and ¢, = 14350 nfK .

In formula (3), the coefficients a, and a, are the absorp-
tivity values due to HLO, computed as in Ramanathan (1976),
for the intervals [2m83m) and (83m12m) . respectively; and
Aypn ol @,, 0,8 and g are the absorptivities due 10 CO,
and H,0, which are computed using Smith (1969) and Adem
(1967} in the way described by Gardufio and Adem (1988).

The integral in Eq. (4) is evaluated by Bolizmann's for-
muda which is an approximation for small values of | in the
exact formuln due to Planck. The error increases as | increns-
e, S0 that it is less than 0.1%, 0.9%, 29% and 5.0% for |
smaller than B m, 12. 16. and 19m, respectively.
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If TaT,+T* ,where T, >=T", Eqf3) becomes (Adem,
FOG2)

E(T)= E{I.J+[%]M e,

{5)

Since T is in degrees Kelvin, 7° is for aimospheric
temperatures usually much smaller than T, . Therefore the lin-
car formula (5) is & good approsimation to (31 and is used in
the model.

We assume that there is a clowd layer, of variable hori-
rontal extent @ | that radiates as a black body with a tempera-
ture of 261% K. Furhermone we assumse that the surface of the
Earth radiates as a black body and that it absorbs short wave
radiation from the sun and sky according 1o the Savino— Ang-
sirdm formula, Making a balance of radiation as in Adem
{1962, we obtain

Er = ATTo+(A+eD,|T/4 A +eD +(al ey}l (5)

and
E, =BT, +BT +B, +eB, +(Q+q) [1-(1-Ke]1-a) (7

where AL AL AL D, D, BB, B B are constanis;a;and
b, are functions of latitude and season: (@+al, is the “total
radiation received by the surface with clear sky, & is a func-
iy of |atitude, § is the insolation, and a i the surface albado
(Adem, 1962, 19640, | 964b).

4. ABSORPTIVITY FOR WAVELENGTHS LESS
THAN 12

On computing o, and a, in Section 3, and according o
Kirchhods law, we use Ramanathan's (1976) emissivity for-

mulas:
o -
1*“.1‘-'_ 1+h.q‘-'
and .l
a,=[0272+4, (7 -, ) [1-exp(dv, )] (%)
where P
u, =JF 2L {10
and | ;
|_|:nE‘F[\v;H:F']l:I.!1 (11}

The integrals in (10) and (11) are taken vertically across
the atmosphere, although their integrand is significant only
in the lowest few kilometers, Y, is the water vapor amount
im e if it wis a liguid at STP conditions (some authors call
this unit cm-atm; both ire numerically the same as g cm*).
U, is also called precipitable water; 7 and P are the atmo-
spheric temperature and pressure, respectively: ¢ is the par-
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tial pressure of water vapor, B, is the STP pressure {1013«
I0*g em” s%); and T,,7,.b,b,.c.d .4, and & arc comstanis,

In order 10 evaluate (100 and (11), we express all vari-

ables in terms of T for this purpose we use the following lor-
maulas from ATM (Adem, 1967 Garduibo and Adem., 1988);

dU, = R F(T)dr

rn(L]

(123
and
(13}

where 3

FiT}:[ﬂ.ie+gf,T']z nT'

la—f

T, and P, are the temperature and pressure at the bottom of the
atmosphere,

=i
| T
f=e— 2 A L
1 h["l‘. "'!h
A
1';:;;—

Foofyo AN n.N.and 0, are constants.
Furthermore,
efT)=F(T)T .

Mo, we substitute (12) and {13} in { 104, obtaining

i 14)

ul.gj:"r"F{Tim (1%)

b= R,y TS
T, =T,—bH
h=g-03

where

Substituting {12), (13) and (14} in (1), we get

(16

u, ”%LI_'[‘P [_:—]‘ +F[T)T jF (T)ar

where U, and U, from (15) and (16} are in cm,

The climatic parameters are taken as annual and global
avernges; these (normal) values are:
T, =8EK
=
b=6.5x107"K cm™
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e=05
H =% 10Fem

For T, in (&) and {99, we take the valee of the “equiva-
lent”™ temperature for H,O, computed by Gardufio and Adem
(198385, which is 275.6° K.

The values of U, and U, from {15} and { 16} are substi-
tuted in (B} and (9] i get the absorptiviey from 2 1o 1 2g, These
values of @ and a, vield the basic (normal) atmospheric spec-
trum {in that interval}, which is representative of the whole
Earth and full year, corresponding to the present global and
annual averages of the climatic parameters, This spectrum in-
teracts with the climate through these five parameters, When
the climate changes (for example, as a consequence of an in-
crement in the aimospheric {I!I: content, externally imposed,
a5 in the experiments presented in this paper), T, . band e
are allowed to increase. To compute the increments (anomi-
lies) T.00 . bidy and eDN we assume £, and H fixed; nev-
ertheless P is allowed 10 increase by means of T, in (13}
Uising the increased (abnormal) values of T,, b and e, the
corresponding increased (abnormal) values of the absorptivi-
ties a, and a, are computed.

The atmospheric spectra, compuied as explained in sec-
tions 3 and 4, are shown in Figure 2, for present and doubled
CO, amounts. Part A is the spectrum for CO, alone, B is for
H.O and part C for both gases combined,

5. 0THER PARAMETERIZATIONS

As in previows papers (Adem, 1982; Adem and Gardu-
fi, 1984}, we use for G, G, and G, the formulas

G, m Gy + Gy DN (7
Gy = Ly + Gy DY {18)
Gy =Gy + Gy DN {19

where G, &, and G, are prescribed seasonal climatological
normal values, and G0N, G.ON and G__DN are the cormespond-
ing anomalies which are compuied internally in the model.

The conservation of waler vapor in an atmosphenc col-
urnn of wiit anca requines thas
G_q _Gj H'LEI' {2[”

where L is the heat of vaporization and E° includes the bori-
rontal transport and the storage of waler vapor lerms { Adem,
158},

Substitutimg (18} and (197 in (207 we find

(Gan = Gy ) +(Gy DN =Gy DN )= L E}; + E'DN | {21}
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Fig. 2. Atmosphernic emission spectra used in our models: normalized
energy emitted as a function of wave length | § ). The shaded area is
the emergy emitted by the atmosphene for present CO, content, and
the black area is the increase due to doubling the C0,. Parts A and B

are the specira for OO0, alone and for water vapor alope, respectively,

and pan C is the spectrum for both gases combined, The specir ane
allustrated with the Flanck’s curve for 2807 K., but this tempersture is
a variable in the models,

where E° is written as the sum of a normal value E} and an
anmmaly E'DY .

Egueation (20} is assumed o be valid for normal values,

therefome
Gy =Gy = LE (22)
Subtracting (22) from (21),
E] N —G,.Dl"i' = LEFDH
We assume that
(23)

G, DN = G, DN

This assumption implies that the anomaly of ransport
d storage of water vapor is taken as zero, However, since
G, and &, arc prescribed so that (22) is satisfied, the normal
value of the transport and storage (£ ) is retained. There-
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fore the equation of conservation of waler vapor is salished
under the assumption that £} >> E'DN .

For &, DN we use the formula

Gov=Kofy, (-1 )-(m-72)] e
where T, and TS are the computed normal values of T, and
T . respectively: K, is a constant and |l".|| is the prescribed
normal surface wind speed. This linearized formula was de-
rived by Clapp e af, (1965} and has been used in previous
experiments (Adem. 19654, [982).

In these experiments we had used the formula

G, DN = 2G, DN (25)

which implied a Bowen ratio of 2 for the anomalies.

For the horaomal wind the following formula is used
(Adem, 1982);

Wy = P +(n" =0} ) (26)

where Ny, is the observed geostrophic wind and n' —nj, is

ll'lemp.ﬂ.ud anomaly of the wind, in which the two compo-
nents of N are computed from the formulas

. 1_%[&4::-;;[!.-%]% @n
N D - - S

where " and +" are the components along the x, and y, axes
{x, to east, and y, 10 north). and f is the Coriolis parameter;
also T, =T ,~bHfZ.

T? compute the components of the normal horizonial
wind vy, Egs. (27) and (28) are used with the normal value
T, instead of T2,

The advection by mean wind (A,) is given by Adem
{19700}

Ap = (B ), (T Pras (B, (T2 T )

(), (T2 T) &9

where (F), . {F;Lmd { £, are constants and

T ==b{H = Hop )+ Ths

Prat = Prvvas { Tovas  Tonas |

where Hyy. is the normal observed T00mb height, Ty, is the
normal observed T00mb temperature amd Pis.e = T00mb.



L Adem and R Garduito

The horizontal turbulent transport is
Wy = =coa, KV°T) (30)

where ¥7 is the iwo-dimensional horizontal Laplacian opera-
tor and K is the ~Auwstausch™ coefficient, which is wken as o
constant equal 1o 3 = [Pm~s", This value of K is of the same
order of magnitude as for the migratory cyclones and anticy-
clones of the middle latindes, which are considered as turbu-
lent exkdies (Defamt, 1921 Clapp, 19700,

The precipitation anomalies are computed externally
from the empirical formula (Clapp ef al., 1965)

L ' HTF %
E=5y +.ﬂ.[ﬂr_ —T_,,,}+d*(TI'L——H-:"—]
7 . 1
ol ==t Nt . 4
i [ g ]] D

where 5, i the normal scasonnd value, and &, o™ and <" arc
functions of @, v and season,

A briel description of this formula is giv by Adem
[ 1996).

6. WATER VAPOR AND CLOUDINESS
FEEDBACKS

In these experiments, the computation of the coeffi-
cients erfi= 1.2, 12, 13, 14, 15, 16, 17, 18). in Eq. (3), which
includes the water vapor feedback, is carried oul as an avernge
over the integration region and in the year instead of at each of
the grid points and for each month, &5 follows:

First we obtain the coeflicients a for the computation of
the normal case, using the Smith (1969 formula for i= 12, 13,
14, 15, 16, 17, 18 as described by Gardufio and Adem (1988},

The values used 1o compuie & are

L gy = 260 cm
Uy =24cm
Ty = 2BEK

Poy = K,

by =6.5°K km™
H =9 km

g, =05

where Uy, is the normal {present) CO, content, U, is the
normal atmospheric H,O content, Ty is the normal surface
air temperature; Pry is the normal surface air pressure, by is

the normal lapse rate, and &, is the normal fractional clowdi-
ness, The coeflicients @ and a, are computed using the Ra-
manathan {1976 approach (Section 4),

For the abnormal case, we compute a, for @ from 12 o
I&. in Eq. (3), using Smith’s (1968) formula with the values

Ly = 20 gy

U, =l +L, DN
Ty = Ty + T DWW
Py = Py + A DN
b= by, +bBON
e=g, el

where Ly 1s twice the present atmospheric OO, content, and
U,DN , T,DN , DN , bDN and gD are the increases, due
to the doubling of the CO,. of the atmospheric H,O, the sur-
face temperature, the surface pressure, the lapse rase and the
horizontal extent of cloudiness, respectively.

The cloud cover & is included as

ey~ (31

where ®, is the observed normal seasonal cloudiness and
eDN 15 the internally computed anomaly which is given by

el =—1 26T, DN (13)

where efay is in percent and T, D in Kelvin degrees,

Exq. (33) is semi-empirical and is based on (he assump-
tican that the relative humidity remains fised. The detailed der-
ivation is given by Gardufo and Adem (19935, This provides
the cloud feedback, which is also evaluated as an average over
the integration region and the year,

The surface albedoa 15 gencrated internally in the mod-
el by coupling the computed 0°F © surface (continental ground
or ocean) isctherm with the boundary of the snow —ice cover,
as described by Adem (1981, 1982), This coupling vields the
sy —ice—lemperature feedback used in the present experi-
MCTis.

7. METHOD OF SOLUTION

In (1), 377 /3 is replaced by (T -T2 |/ar , where T,
is the value of T in the previous month and A is the time
interval, taken as o month. Similarly, 7,7/dr in (2} is replaced
by (77=T5)/ A, where To is the value of 7, in the previous
month.



Uzing these backward finite differences and substitut-
ing the parameterizations of the heating and transport terms
(6, (70, (17), (18), (23}, (24), (25). (29) and (30) in (1) and
(21, the problem is redwced 1o solving two equations with two
unknowns T and 7 . Eqg. (2) can be combined with (1) 1o
vield a single second-order elliptic dilferential equation in T :

PR | B "
i +ﬂ—a;‘*h"§ +hHl.=F
where F, F, F and F_ are functions of the map coordinnies
and a ; and F is alzo a function of 4 and : ol

(34

We first compute the nommal case, using normal initial
and boundary conditions; then the abnormal case, using the
abnrormal initial and boundary conditions, and the computed
normal fields on which, according 10 eqs. (24) and (299, the
abnormal variables depend. mamely on ¥, . T, . 8T fix
and &T; (v .

Duie to the form of the parumeterizations, for the normal
case Eq. (34) is reduced o an equation of the same tvpe b
with coefficients F,, F_. F, and F_, which are different from
F.. F.. F, ond F_. Furthermore, in the normal case, G, G,
G, e and n° arc prescribed as observed normal values G,
G Gy &y and ny, ; and therefore, the model computes only
the anomalies of these variables. For the normal and abmor-
mal cases T2, T . E_ E_ A anda are generated as full vari-
ables, except for T, in the oceans, where only the anomaly is
compuied, and where normal observed values are used for the
normal case,

The boundary condition for (343 s 7o = T, +(T5 =Tl )
whene T, is the normal observed temperature at the middle
of the model’s atmospheric layer; and Toy and T, are, re-
spectively, the abnormal and the normal solutions of (34) when
the horizontal transport terms are neglecied (ie., T, = F, /F,
and Tluy = Fiy /Fiy ). Therefore, a variable boundary condi-
tion, which includes a computed anomaly, is used instead of a
fixed one with zero anomaly,

To salvie {34) we prescribe, besides the boundary condi-
tions, the surface ocean and 700 mb temperatures in the previ-
ous interval { Tz and Ty ) and the initial surface albedo (3 , ).

W sturt the computations in August. Both for the normal
and the abnormal cases, we use as initial comndition the shserved
July normal values of the surface oceon temperatures and the
T00mb temperatures { Ty and Tay ), and the surface albedo in
August. For the ith month ({ > 1) we use for T2, and 2, the
T0Omb temperaiure and the sudace albedo computed in the
i-1th month; and for Ty we use (T ), <[(7,), ~(Tw ) ]
where (T, ), is the normal ohserved surface ocean temper-
ature in the i- Ith month, and (T, )_ and (7., ), are the normal
and sbpormal ocean temperatures computed in the previous
month, respectively.
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The data, coefficients, region of integration and grid
points used in the compuiations are described in previous pa-
pers (Adem 1964ab; 1965b, 19700.b). To obiain 75, Eq. (34)
is solved as a finite difference equation by the Lichmann re-
laxation method (Thompson, 1961). T, and the other variables
are obtained by direct substitution of 77 in the cormesponding
equitions described above,

The computation of the feedback effect by atmospheric
witter vapor, explained in Section 6, would require an liers-
tive procedure between the climate anomaly and the speciral
increment; first the climate anomaly due 1o CO, doubling is
computed without the water vapor feedback, which is used o
compute the spectral increment; then a new anomaly is come-
puted including this increment, and 50 on, until both the amom-
aly and the increment reach stable values. In order w abridge
this iteration, we attempt 10 guess the final climate anomaly,
and we test it for a consistent spectral increment; if not, we try
incdher guess,

As we have seen, the climatic parameters needed o
compate the amospheric long wave spectrum, i, the absorp-
tvities a,a,.a,,...a ducto HO and CO are T, . P, . b,
2and # . In addition, only the atmospheric CO, content (L)
Is necessary o compute the spectrum. Using the normal pres-
ent values of these 6 parameters (denoted with the subindex M)
the basic spectrum is computed.

When a climatic change is extemally forced, the absorp-
tivities change due to the change in atmospheric HO content
(£7,). Thus, the climate change is wholly characterized by the
surface temperature anomaly {T0¥), because the increments
TON, bW and el are function only of TON, when fi and
H remmn fixed.

Our external forcing is the ©0, doubling, ie.
U W m Uy or Uy =20y , whire variables with no subin-
dexes mean abnormal values. In order to find the equilibrium
anomaly T,DN , we atlempt a first guess(7,0N,, ), where { )
denotes the annual avernge over the total region of int ion.
We compuie the comesponding values of |7, D-""..S 5 mﬁq}
and (eDW,, ) , and introduce them in the formulas from Adem
(1967, Smith { 1969} and Eamanathan {1976, © compute the
absorptivities @, this spectrum is then used to compue T, D,
(7,00, )0 (7,00, ) we try a new value (7,00, ) using a
linear interpolation, and so on until {7, 0%, )={T,0¥, ).

8. RESULTS

The output of the model consists in a dozen of maps for
each variahle, for the months of the vear. Here we show only
the maps of the increase of surface temperature and precipi-
tation due to a doubling of CO,, for January, April, July and
October, computed by means of the complete model including
all feedbacks. These maps are presented in Figures 3A 10 4D,
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Fg. 3. Increase in the surfnce lempemiure for JToneary (part A, Apnl (H), Jaly (C) and October (1), in tenths of * O, doe 1o a doubling of the
n:rrll:::p&l-:ril: Cﬂl. compubed with our model ATM {in which tbe waler vapor acts inall the wave lengths of the stmosphenc spoctrum) for case 8
{wilk the three feedbacks included).
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L

Fig- 4. Increase in the precipiation for January (part A ), April (B}, July (C) and October (D). in mm/month, doe oo deubling of the atmosphernic
OO0, compited with our model ATMI (in which the water vapor acts in ol the wave lengths of the stmospheric spectrum) for cose B
{with the three feedbacks included),
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Tabde 1

Increase of surface lemperature in *C and feedback factor due to doubling the atmospheric OO . resubting from our modeds (ATM1 and ATM2), and

from the models of Hansen er af, (1984), and Schlesinger ( 1986}, denoted HM and SM, respectively. Case 1 is withow feedback mechandsms, case

B includes the three (namely, the increases of water vapor, snow-ice and choudiness), cases 2, 3 ard 4 have ome feedhack and 5,6 and 7 have two.

ATMI is owr model with water vapor radeabively acting in 2l the wave lengths of the stimospheric spectrum, in ATM2 the water is absent from the

band where the E.‘ﬂl_am (02-15 ). Feedbuek facior i3 defimed as the ralio of the temperature increase in one cose, divided by that of cose 1. In the
lnst coumn appesrs the mtio of temperanse incrsase from ome of our models by the other,

Case Feedbacks included Temperature increase (* C) Feedhack factor
ATMI ATM2Z HM SM ATMI ATM?  HM M i
ATMI
l iﬂﬂﬂ,} 0.3 0.8 1.2 1.35 | | | 1 27
2 +|!I|HICI 04 1.1 20 .04 1.3 14 L7 14 28
3 +hcloud 0.4 1.3 1.6 1.38 I.3 LG 1.3 ] i3
4 +Asnwios 04 12 1.3 .56 1.3 1.5 1.1 1.2 1
5 +M1:G+ Acloud 0.8 1.7 32 1.51 27 r | 27 1.3 21
[ +ﬂH¢EI + Aspowlice 0.5 1.8 234 1.7 23 [.E 16
7 +dacloud+Asnow/ice 0.6 22 20 28 37
i +ﬂl{,ﬂ-lﬁ-|:tmil+ﬂsmwﬁce 1.2 35 4.2 4.0 4.4 i5 20

In order o evaluale the feedback effects, we przsent a
comparative siudy of the annual NH averages of the computed
surface wemperalure increase (Table 1), The second column in
the table specifies the feedhack mochanisms, case | includes
no feedback ond case 8 includes all three feedbacks, namely
increments of H,0, snow-ice and clowds. The other cases in-
clude one or twao feedhack mechanisms.

The third column shows the lemperature increase com-
puted using the model with HO for all wavelengths of the
emission spectrum, denoled by ATM I, When there is no feed-
back the increase of temperature is 0.3° C, and when the three
mechanisms are included the increase is 1.2° C; for only one
feedback the increase is 047 C in all three cases. When two
Teedbacks are included the increase is 0.8® C for the combina-
tion of H.O plus clouds. 05% C for H,O plus snow-ice, and
0.6 C for clouds plus snow-ice.

In the next column, called ATM2, we show the come-
sponding values for a model in which H,0 is absent in the
CO, band. The increase is 0.8° C without any fecdback and
35% C with all three mechanisms. When there 15 only one
feedback the increase is 1.1, 1.3 and | 2* C for H,O (only in
0-12 and 19:-2 bands), clouds, and snow-ice. When thene
are two leedbacks, the increase is 1.7, 1.8 and 2.2°C for the

Cases H:D plus clouds, HO plus snosv-ice and clouds plus
snow-ice, respective.

In the fifth and sixth columns we find the correspomnd-
ing values of surface air tlemperature increase as computed by
Hansen of af, (1954}, and by Schiesinger (1986, In the sev-
enth, eighth, minth and tenth columns we lis1 the feedback fac-
tors defined as the quotient of the temperature increase in each
case divided by that of case 1, for models ATM1, ATM2, HM
and 5M, respectively. A comparnison of the four models shows
that the: factors are similar, Thus, the solutions are almost pro-
portional o te lemperature increases for case 1 {im which the
feedback is excluded), nomely, 0.3, 0.8, 1.2 and 135%C lor
ATMI,ATMZ, HM and SM, respectively.

In cases 5, 6 and T when we have a combination of two
feedhacks, inclusion of snow-ice (6 and 73 vields the largest
factors for ATM2 und the smallest for ATM I, which suggesis
that the snow-ice effect depends non-lineardy on the lempera-
tre change, since much larger feedbanck factors are ohinined

for larger increases of temperature.

The iotal fecdback factor, which includes the three
mechanisms and corresponds (o case 8, is 4.0 and 4.4 for our



models ATMI and ATM2, respectively, and 3.5 for HiW,

The last column shows the matio ATM2Z/ATMI. When
H,0 is absent from the OO, band, the increase of temperature
is about three tmes larger H’m whin it is present. This strong
difference is due to the radiative ntesaction of FLO with OO,
which reduces the net effect of doubling the CO,. This reduc-
thon can be seen from the stmospheric emission spectra wsed
in the model (Figure 2). where the shaded area is the energy
emitted by the mmosphere for curent CO, content, and the
black area &5 the increase due 1o doubling the CO,. Parts A and
B are the emission spectra fior CO, alone and for HLO wlone,
respectively, and part C is the spectrum mruﬁpt}ndi-ng o the
combined effect of both gases. The black area in the CO, band
{12-19p) is larger in the spectrum for OO, alone (part A} than
for CO, and H.O combined (part C), as the presence of H,0
in these interval reduces the effect of CO, doubling, because
the spectrum of OO, plus H,0 gets closer o Planck's curve,
and there is no room for larger increases in the spectrum. This
saturation effect limits the temperature increase due 1o the in-
crease of CO,, as mentioned by other authors (Kichl and Ra-
manathan. 1982; Ellsacsser, 1984, 1990; Lindzen, 1990).

Figure | presents the values obtained by several authaors
usimg different models, Hansen of al. (1984 value is number
35 and is one of the largest; our own earlier value (Adem and
Gardufbo, [984), is number M), and our new one, falls in the
same range, on the lower side of the solutions, Most values fall
between the values obtained with our model, depending on
whether the HLO is present or absent in the CO._ interval. ie.,
1.2° 1 3.5° C. Considering that “the 12-18 H,0 continuum
ahsorption is neglected in most model studies™ (Kiehl and Ra-
manathan, 1982), we conclude that the interaction of H.O and
CO), in this band could be a possible cause of the discrepancies
in the values shown in this figure,

9. CONCLUSIONS

l. The feedback factors of the Adem Thermody namic Model
are similar to those of Hansen er al. (1984), and Schicsinger
{1986, except for Schlesinger’s cloudiness factor, which is
very close o unity, and produces a relatively small effect.
The feedback factor due to all three mechanisms (H,0,
snow-ice and clowds) is 4.0 and 4.4 for our model, and 35
for Hansen ef ai.

2. The presence of H,O in the CO2 band {12- 19} prevents the
increase of lemperature due to the saturation of the band,
because the combined effect of CO, and H,O yields an ab-
sorplivity that approaches unity, as in the black body case.

A, Whilke the feedback factors are similar, the increase of
temperature due to a doubling of CO, is equal 10 1.2° C
when H.O is present in the CO, band, and 3.5* C when
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there is no H,0. The corresponding value of Hansen et al.
is 4.2° C. The strong difference in these values appears 1o
depend on the comesponding values (0.3, 0.8 and | 27C),
obtmined before the three feedbacks are applied, which
depend crucially on the content of H,O in the CO, band.
In conclusion, one possible cause of the strong :lu.{'l‘m-.c:
in the solutions obtained by different models could be the
discrepancies in the amount and distribution of H.O in the
atmosphere, and specially in the weatment of the effect of
H.O in the CO, hand from 12 w0 19
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RESUMEN

La ccurrencin ¥ camcteristicas de El Mifo/Oscilacida del Sur (ENOS) han sido documentadas extensivamenic. Fs bien sabido gue
Ell Nifio es capaz de modificar los pstrones normales del clima alrededor del mundo. B Mifio, v su contrapane La Nifia, modifican sam-
beén bos patrones de precipitacidn en México, En gencral, dumnte inviemnos El Nifio (La Nifa), la precipitacidn sumenta (disminuye) en
el moroeste de Méxioo, mientras que disminuye (sumenta) en &l kamo de Tehesntepes. El desplazamiento hacia el sur de ln comienie de
chorro subtropical ¥ el aumento en el ndmero de Nores sobre la parte sur del Golfo de México constituyen algunos de los mecanismos que
modulan la variabilidad del clima invernal. Por otro lado, Ia sefial El Nifio en verano en México se refleja como déficit de precipitacidn.
Existen varios mecanismos asockados con El Nifio que resultan en anomalias negativas de precipitecidn sobre la mayor parte de México,
Una subsidencia reforeada por causa de un desplazamiento hacia el sur de In Zona Inter Tropical de Convergencia (ZTTC), alisios mis
intensos de 1o normal, un menor nlmens de ciclones tropicales en los Mares Inira Americanos v una redisccidn en la homedad relativa
pueden resuliar en severas sequias, Estes elementos o combinaron en el verano de 1997 para producis grandes pérdidns socioecondmicas
relacionadas con El Niflo. Por otra parte, durante affos La Nifia, las condiciones del clinma en México regresan a la normal ¢ inclase pueden
resuliar en uns precipitackin por encima de ba media. Los actwales esguemas de prediccion ded clima parecen ser suficientemente buenos
para proveer infonmscidn climiitica dtil para s planeacidn de clertas actividades socioecondmicas,

PALABRAS CLAYE: Clima mexicano, Bl Nifio, México, precipitacidn, Mores ¥ huracanes.

ABSTRACT

ENSO is capable of affecting normal climatic pattems around the world. E1 Nifio, and its counterpart, La Nifia, modify the normal
precipilation patterns in Mexico, In general, duning El Nifio (La Nifia) winlers, precipitsiibon increases (decreases) aver northwesiern
Mexico, while il decreases (increases) in the region around the [sthmus of Tehoantepec, A southward shifi in the position of the sublropical
Jet stream increases the number of Northermers over the southern part of the CGulfl of Mexico. A summer Bl Nifio causes a deficit in precipita-
. Vanous mechanisms, sssecinted with El Nifio, result in negative precipitation anomalies over most of Mexico, Enhinced subsidence
associnbed with a southward shift of the Inter Tropical Convergence Zome (ITZC), more inferse trade winds, a decreased number of tropical
cyclones over the Intra Americas Seps (IAS) and reduced relative hamidity, may result in severe droughts, These elemsents produced miajor
socioeconomic loses during the summer of 1597 that could be directly related wo El Nifio. During La Nifla years, elimate conditions retumn
T morrial or result in enhanced precipitation, Cument seasonal prediction schemes appear to be skillful enough 1o provide useful informa-

tion in the planning of certain sockoeconomic activities.

KEY WORDS: Mexican ckimate, Bl Nifo, Mexico, precipitation, Mortherns and hurricanes.

INTRODUCTION

Much of Mexico exhibits a monsoonal climaie, with a
rainy season during the summer months and a relatively dry
season in winter, Fluctiations in precipitation or temperature
are associsted with cold fronts or Northemers during winter
iMagafia and Viequez, 2000}, and hurricanes and easterly
waves during summer {Amador and Magadia, 2000, Magafia,
19949}, The best known planetary scale phenomenon that alters
global climate is El Nifio/Southern Oscillation (ENSO).

As the number of natural dispsters increases, mostly in
relation 1o hydro-metecrological exireme conditions, maore
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people are affected (Figure 1). The need for accurate long range
predictions of precipitation or temperarure has led 1o relate El
Nifio and La Nifia phenomena to regional climate Agriculmre,
forestry, water management and the health sector desand
maore detailed climate diagnostics and prognostics of extreme
climate conditions, The cost of the 1982-83 El Nifio event for
Mexico and Central America is estimated at about six hundred
millicn doflars (NOAA, 1994), The El Nifo event of 1997-
1998 resulted in an even more dramatic economic loss, of the
order of two billion dollars for Mexico alone (Delgadilloetal.,
1999). The social costs, in terms of loss of life or people who
mi griste due o anomalous conditions associnted with ENSO,
represent 4 major problem for government agencies.
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Fig. 1. Number of people affected by naturnl dizasters of all kinds (histogram). and sea surface temperature anomalies in the exstern Pacific
(solid Fne).

Mumerous sonedies on climate variability concentrate
on sea surface tempersture (S5T) anomalies associated with
ENSO. These anomalies in 55T have proven to be important
enough as to reflect global climme vamability on an interan-
nuil time scale. The existence of relationships between 55T in
the central-eastern Pacific and precipitation anomalics around
the world (e.g., Ropelewsky and Halpert, 1987) has led to con-
stant monitorng and long term forecasis of S5Ts in this region
{e.g.. Anderson eral., 1998, 55Ts are nowadays used 1o pre-
dict precipitation anomalies at regional and even local scales.

The enhanced monitoring sysiem for the tropical Pa-
cific, known as the Tropical Ocean Atmosphere (TAD) armay,
has resulted n substantial progress in oar understanding of
the ENSO phenomenon. Higher quality monitoring of $5Ts
and observations of deeper lavers of the ooean, allow 1o skill-
fully predict El Nifio or La Nifia conditions severnl months
in advance {¢.g., Penland and Matrosova, 1994). Through the
analysis of previous ENSO events and their relationships to
precipitation, temperture of other observed fields, seasonal
prediction schemes have been developed 1o survey climate
variability at variouws spatial scales (Magafia and Quintanar,
1997}, The use of analogues (Barry and Perry, 1973) or mul-
tiple regression schemes have become popular tools o gener-
ate predictions of precipiiation based on the S5T forecasts fior
the Pacific and the Atlantic. Although such simple methods
have proven to be useful, o betier undersianding of the dy-
namics involved in such relationships is necessary to improve
the quality of the forecasts for the planning of socioeconomic
BCtivities.

Descriptions of the ENSO phenomenon and its impacis
in global climate have been given in a large number of papers
{e.g.. Diaz and Markgraf, 1994). However, only a few studies
have examined the characteristics of the ENSO signal over
Mexico during winter and summer (e.g., Cavazos and Hasten-
rath, 1990 Magadfia and Quintanar, 19497), L was not until the
intcnse El Mifko evend of 1997- 98 that the scientific activily
related to the impacts of El Nifte substantially increased. In
maost cases, the uitimate goal of these studies has been o betler
predict seasonal climate anomalics at a regional kevel.

General Circulation Models (GCMs) are capable to sim-
ukate the large scale response of the tropical and extratropi-
cal atmosphers 10 anomalous 55Ts over the eastem equatiorial
Pacilic (Mechoso er al.. 1987}, Such response basically cor-
responds i guasi-stationary Rossby waves over the extratrop-
ics and equatorial Rossby waves over the tropics. But Ting
ef al. (1996) have found that current GOMs do not properly
simulate the phase of these quasi stationary waves, because of
the inherent internal variability of the midlatitudes, leading 1o
errors in the predicied climate anomalies under El Nifio or La
MNifia conditions. They suggest that the characteristics of the
forcing ilocation and intensity b, along with the mean circula-
tion, are crucial to better determine the phase of the ENSD
extratrapical response.

In recent vears, regional climate numencal modeals
begun (o be developed to obtain climate anomalies w & me-
soscile level (Giorgh, 19900, These models consist of a me-



soscile model pested in a GOCM, The laner provides the
boundary conditions for the mesoscale model w simualte the
interaction of the flow with higher spatial resolution boundary
conditions (topography and land wse). In every case, regional
climate simulations require that the large scale atmospheric
conditions be properly given in order to generale small-scale
climate anomalies,

A prerequisite o improve the quality of seasonal climate
predictions, either through the use of statistical or dynamical
meddels, i3 the understanding of the mechanisms that con-
trol climate variability at a regional level. The importance of
ENSO as 0 major modulator of interannual climate variabality
in Mexico and other pans of the world, requires an analysis
of the mechanisms that connect S5T anomalies in the eastern
Pacific with precipitation or temperature anomalies. Further
rore, it is necessary 10 determine the extent 1o which climate
variability may be explained in terms of El Nifio or La Nifla
signals only,

In the present paper, the impacts of the ENSO phenome-
non in regional precipitation anomalies over Mexico and Cen-
tral America are documented. Some dynamical mechanisms
involved in the leleconnections between the eastern Pacific
and Mexican climate anomalies are examined, Finally, the po-
tential to elaborate seasonal climate predictions based on El
Mifies signal is discussed, in terms of the peeds of information
necded in the planning of socioeconomic activities.

2, DATA AND METHODOLOGY

Monthly mean data from the reanalysis of meteorologi-
cal fields prepared by the National Environmental Prediction
Center (NCEP) (Kalnay er al. 1996) for the 1958-1999 period
have been used for the study of atmospheric circulations over
the Mexico, Central America and the Caribbean region. These
data include horizontal winds (u,v) and vertical velocity (m)
ficlds on 2.5 % 2.5 grids at 12 vertical pressure levels. Monthly
sea surface temperature (S5T) data for the same periods were
obtained from the Reynolds (1998) analysis.

A key element in the present study is the precipitation
datnbase, This monthly precipitation gridded data set was con-
structed using varkous sources of data, including:

a} Station data for the US, Mexico, Central America and the
Caribbean for the 1938- 1999 period. mken from the Mexi-
can Weather Service, the Central American Weather Ser-
vices, and the archives of NMCAR.

b) Precipitation estimates from the NCAR/NCEP Reanalysis
for oceanic regions,
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These data have been analyzed using a Kriging method
(Dingman ef al., 1988). The imerpolation has been performed
im a (L5 = 0.5 grid. The climatology of precipitation compared
well with other precipitation data sets (e.g., Legates and Will-
mott, 1990, with differences no larger that 10F8 over some
Doganic regions, Since the information for Mexico and Central
America was much larger {over 3000 stations Tor the region)
than the ones used in the other analyses, there is confidence
thut the fine spatial structure of the precipitation patierns is
well captured with the present scheme.,

For the diagnostic analysis, monthly mean anomalies
were constructed by subdmcting the mean fields for particu-
Lar summer or winter ENSO periods, from the corresponding
mean climatological field. Throughout the rest of the study,
the winter season will be defined as December, Janusary and
February, while the summer season will cormespond to June,
July. August and September,

The analysis consists of creating composile patterns
of various fields, for six El Nifio winlers ( 1965-66, 1972-73,
1982-83, 1986-87, 1991-92 and 1997-98) and summers { 1965,
1972, 1982, 1986, 1991, and 1997). and for six La Nifia win-
ters (1964-65, 1900-71, 1973-T4, 1975 76, 1988-89, 1993-09),
and summers (1964, 1970, 1973, 1975, 1988, 1998), in order
0 determine composite anomalies during ENSO. It is clear
there is inter EI Nifio or inter La Nifta variability. This issue is
discussed throughout the lext,

3. THE ENSO SIGNAL IN PRECIPITATION

a) Climatology

The climate of the northern hemisphere (MH) tropical
Americas is chamacterized by relatively well defined dry and
wet seasons. The former lakes place during winter, while the
latter occurs in summer (Figure 2). However, in some regions,
as the northern part of the Baja California peninsula or Sonora,
the miny season takes place during the winter months. In other
regions, precipitation occurs throughout most of the vear, as in
the Isthmus of Tehuantepec, or the Caribbean coast of Central

Winter climate over the entire region is largely associ-
ated with the passage of midlatitude frontal systems, ofien
propagating ino the Intra Americas Seas (IAS), constituting
the so-called Northerns (Trasvifia and Barton, 1997). These
systems produce drmstic changes in surface temperature along
the comst of the Guif of Mexico, and at times, result in precipi-
tation, enhanced by the orographic effect of the Sierm Madre,
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During summer, tropical convective activity, as in the In-
ter Tropicsl Convergence Zone (ITCE), the Mexican monsoom,
easlerly waves or tropical cvclones. constitutes the element
that results in substantial summer precipitation. When summer
climate variability is studied, the presence of two warm pools,
one over the norhexsten Pacific (off the coast of Mexico) and
ong over the 1AS should be considered. In the former, con-
veclive activity is intense, constituting the ITCZ. In the latter,
tropical convection is relatively weak due 1o intense subsid-
ence. The relatively low precipitation over the 1AS may be
considercd abnormal for a warm pool region The other impor-
tant element that determines the characteristics of precipitation
is the interaction of the opography with the trsde winds, which
leads to differentiated precipitation patterns in the Caribbean
and Pacific coasts of Central America.

Oz of the peculiarities of the annual cycle of precipe-
tation in this region is the relative minimum in precipitation
in the middle of the summer rainy scason. The Mid-Summer
Drought (MSD) or Canicula, is observed over southern Mexico
and Central America (Magafia er al., 1999). It appears to be re-
lated 1o the Auciumions in sea surface temperature (S5T) over
the northesstern tropical Pacific, which are in turn modulated
by the effects of incoming solar rediation, low-level winds and
precipitation, During the MSD (July and August), the trade
winds intensify, generating intense precipitation along the Ca-
ribbean coast of Central America. Actelly, the intensification
of the trade winds over the Caribbean is related 1o an énhance-
ment of the low-level jet over the Caribbean. This barotropi-
cally unstable low-level jet has been suggested as responsible
for the amplification of some circulation snomalies that result
in tropical cyclones over the castern Pacific {Molinari el al.,
199T).

b} Winter precipitation anomalies

Changes in winter precipitation over Mexico and Cen-
tral Amenica are related to fluctuations in frontal and Northern
activity. These sysiems propagate along the jet stream over
the Pacific {Figure 3a.). During El Nifio vears, the anomalous
convective heating over the central'castern Pacific generates
i quasi-stationary Rosshy wave known as the Pacific North
American (PNA) pattern (Horel and Wallace, 1981), with cy-
clomic circulations off the coast of California and the northern
coast of the Gull of Mexico (Figure 3b). As a result, more Fron-
tal systems reaching southern California and the northwestizm
part of Mexico, produce enhanced precipitation (Figure 4a).

Over central Mexico, the changes in the circulation
correspond o enhanced westerlics, ie., an intense sublropi-
cal jet siream through which midlatitude systems may propa-
gite. As a result, midlatitede cyclone sctivity increases over

| Impasct of El Nafio on peocipitation in Mexico

the IAS, and more Northerns over the Gulf of Mexico and Ca-
ribbenn Sen pass through (Mogafia and Vieguez, 20000, I is
interesting that a larger number of Norhermns over the Gulf of
Mexico resulls in negative anomalies in precipitation over the
Isthmus of Tehuantepec region (Figure 4a). It may be specu-
lated that the more frequent passage of Northerns implies drier
condittons over the lsthnws of Tehuantepec and the Caribbean
coast of Central America, since the atmosphere does not have
encugh time o moisten as to produce precipitation when the
following system crosses. More midlatitsde waves may result
in more frequent coldd and dry winds that reflect in a negative
precipitation anomaly during Bl Nifio winters. Additional op-
tions should be explored 1o explain why El Nifio and more
Mortherns result in less than nocmal precipitation in the Tehu-
anlepec region,

When the precipitation anomalics during La Nifa win-
bers ane analyeed (Figure 4b), they appear (o be just opposite
to those observed during El Nifo., However, given the non-
lincar nature of the climate system, this is not absolutely cor-
rect, As a matter of fact, the non-lincar character of climate
implies for instance, that not all El Nifio winter anomalous
conditions are equal, There i% substantial inter-EMS0) variabil-
ity that reflects as fluctustions in the chamcterstics (phase and
wavelength) of the quasi-stationary Rossby wave over North
America (Hoerling and Kumar, 1997) and consequently, in
the anomalous precipitation patlerns for every El Nifio event
iFigure 5). There is some uncertainty on whether changes in
the phase and amplitude of these quasistationary waves cor-
respond to real inter-ENSO variability via weleconnections or
internal variability of the mid-latitude circulation. According
to Hoerling er al. (1997) the signal of anomalous S5T during
EN30 s small over most of the extratropics and therefore,
the potential for modestly useful seasonal predictions based
solely on 55T information is limited to North America. This
result limits the potentiad o make use of prediction of winter
precipitation in nonthwestern Mexico, which would be highly
useful in water administration (Magafia and Conde, 2000).
Inter ENSO vanability makes some El Nifto evenls 1o result
in negative winler precipitation anomalies, and consequently,
in no substantial increases in streamflow (Figure 6) and dam
levels (not shown),

The negative anomalies in Central America appear 1o
be maostly related to enhanced subsidence resulting from the
anomalously imtense convective activity in the equatorial east.
ern Pacific through a direct circulation of the Walker cell type
(Webster 1994),

€) Summer precipitation anomalies
During El Nifio summers, negative precipitation anoma-

lies dominaie over most of Mexico and the Pacific coast of
Central America (Figure Ta). Frequently, these negative
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Precipitation anomaly {mm)

Fig. 5. Preciputation amomalies for varous El Nidos winters,

anomilies in precipitation constitube a droagtht, The increased
number of El Nifio events during the nineties has led 1o ne-
duced waler availability, particularly over northem Mexico,
and severs loses in various cconomic ectivities. On the other
hand, during La Nifla events, precipitation is close 1o mommal
over most of Mexico and in some cases, it exceeds the cli-
matological mean (Figure Thi. [t is interesting 10 note that
the morthwestern region, where the Mexican mansson ap-
pears (Douglas e af,, 1993), ncgative precipitation anoma-
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lies exist either during El Nifio or La Nifia summers, Pre-
cipiation anomalies over this region do not appear to be re-
Isted 1o 55T anomalies in the castern Pacific (Koster e al.,
2000). Therefore, mone in depth studies are needed o unveil
the mechanisms that control the interannual variability of the
Mexican monsoon.

In order 1o determine why negative anomalies in pre-
cipitation appear during EI Nifio summers, it is necessary o
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consider the various factors that modulate precipitation. These
factors include:

i) The presence of the Inter Tropical Convergence Fone
(ITCZ) in the eastern Pacific around 10°N (Figure, 8).

ii} The existence of a low-level jet over the Caribbean Sca,
along which easterly woves propagate. and whose inferac-
thon with topography over Central America result in imense
precipitation along the Caribbean coast of Central America.

iii) Hurricane activity in the IAS and the northeastern Pacific.
iv) Convective activity in the Mexican monsoon region.

The mendional 55T gradient over the castern Pacific,
between the cold tongue region and the warm pool off the
coast of Mexico, weakens due 1o the positive 55T anomaly
associated with El Nifio, Therefone, low=level moisture con-
vergence does nod oocur around 10*N as usual, bt tends (o re-
main closer o the equator (Figure 9a), as observed by Magadia
and Quintanar (1997}, Therefore, during El Nifio summers,
the ITCZ remains closer (o the equatorial castern Pacific (Wal-
liser and Gautier 1993). and most of Mexico exhibits a refa-
tively dry atmosphere that implies a deficit in precipitation, In
addition, intense convection around 5°N produces o inlense
loscal Hadley cell with anomalously strong subsidence over
northemn and central Mexico that inhibits the development of
deep convective activity (Figure Sa).

Over the Caribbean Sea, the low-level jet strengthens
resulting in increased orographic forcing and precipitation
along the Caribbean coast of Central America { Amados and
Magaiia, 2000). The intense easterly flow appears 1o result in
subsidence along the Pacific coast of Central America and 4
regional deficit in precipitation,

During La Nifla summers, the S5T anomalies around
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the tropical eastern Pacific are almost the opposite o those
observed during El Nifio events. The mendional gradient in
55T in the northeast Pacific increases and anomalowsly in-
tense moisture convergence occurs around 10°N (Figure 9b).
During this period, an intense ITCE forms around this latitede,
closer 1o the southern coast of Mexion, which allows the oocir-
rence of maore frequent southerly moistune surges that produce
enhanced precipitation over southern and central Mexico. In
contrast to El Nifio, during La Nifia summers, subsidence over
most of Mexico is weak allowing the establishment of deep
convective activity over most of the country.

It showld be stated that the changes in vertical velog-
ity associated with El Nifio and La Nifia are always negative
around northwesiern Mexico, in agreement with the hypoth-
esis that interannual climate variability over this region is not
directly related 10 luctuations in S5T over the eastern Pacific.
In fact. the mechanisms that control the interannual variahil-
ity of the North American monsoon are yel to be explored.
The Morth American Monsoon Experiment (NAME), 1o be
conducted during the second half of this decade, may provide
somie answers o this problem,

d) El MNifto and harricanes around Mexico

The relationship between hurricane activity and El Nifio
has been explored by a large number of authors since the
eighties (e.g., Gray, 1984). The problem on the relationship
of 55T anomalies in the iropical enstern Pacific and hurricane
activity around the world is subject of active research. It is
unclear whether El Nifio modulates the number of tropical cy-
clones over the eastern Pacific (Figure 10a), as it does over the
LAS, where less tropical cyclones are observed during El Kifio
years (Figure 10b),

The lack of statistical relationships between the number
of hurricanes in the eastern Pacilic and ENSO does not imply
that El Nifio does not affect the characieristics of the tropical
cyclones in this region. It has been documented that the warm-
er the ocean, the larger the maximum potential intensity of
the harricanes (De Maria and Kaplan, 19943, In other words,
warmer 3515 result in increased potential for a hurricane o
have more intense winds, Hurricanes do not always reach that
maximum potential intensity, since this depends on other dy-
namical factors.

Among the dynamical mechanisms that have been pro-
posed 1o explain changes in hurricanes activity in relation to
El Nifio or La Nifa, regional S5T anomalies, vertical wind
shear (difference in zonal wind between 200mb and 850 mh)
or humidity in the atmosphere have been considercd (precipi-
table water) (Figune 11). The strengthening in the low-level
Jetin the Canbbean Sea increases the vertical wind shear and
consequently inhibits the formation of tropical cyclones (trop-
ical storms or hurricanes). The intense low-level jet enhances
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Ekman pumping along the northemn South American coast
resulting in a negative anomaly in S5Ts that may partially
contribute 10 the decrease in the number of tropical evclones
in this region (Amador and Magafla, 2000, The Caribbean
region does nod show a significant difference in precipitable
water between El Mifio or La MNifla summers,

In the northeast ropical Pacific, the S5Ts significamly
increase (up to 3°C) during El Nifio, the wind shear slightly
decreases and no major changes occur in precipitable water.
Therefore, the main change in the environment that may affiect
hurricane activity in the castern Pacific is related 1o the 55Ts
and changes in the maximum potential intensity of tropical
cyclones (D¢ Maria and Kaplan 1994). In this context, it may
be speculated that the large intensity reached by hurricane
Pauline in October 1997 may be associated with the increase
in 55T along the Mexican Pacific coast due 1o El Mifio. Even
meore, hurricanes that last longer {more than seven days) are
mare frequent during El Nifio than during non-El Nido vears
(not shown).

As one of the most important source for precipitation,
hurricane variability largely impacis the summer rainfall in
Mexico, particularly over the northeastern region (Tamauls-
pas). It is nod clear whit percentage of the Mexican precipita-
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tion is associated with the passage of hurricanes: but, a single
hurricamne may lead wo a positive scasonal precipitation anom-
aly a1 a regional bevel. In this context, the larger the hurricane
activity in the LAS, the better the chances to have a good rainy
season, a5 during La Nifia summers,

4. SEASONAL PRECIPITATION PREDICTIONS
BASED ON THE ENSO SIGNAL

The relationships between ENSO and precipitation in
Mexico may explain up to 0% of the toal seasonal voriabil-
ity in rainfall, panicularly over southern Mexico {Magafia er
al., 1999). For instance, correlation between summer precipi-
tafion over the soathern part of Oaxaca and ENSO indices is
ghove 0.6, The importance of El Nifio in recent vear has led
the meteorelogical community 1o elaborate seasonal and even
monthly predictions of precipitation anomalies for Mexico
based on predicted 55Ts. Two basic methods have been [ol-
towed: analogous and multiple linear regression equations.
Until recently, the use of other statistical tools, such as newral
networks or even the use of regional climate models (Giorgi,
19900) has not substantially improved the skill of the simpler
statistical tools.
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Giiven the availability of S5T predictions for the Pacific,
the use of analogues to predict rainfall anomalies has been
widely used, as in the Mexican Weather Service, However,
trends in climate or even interdecadal vanability have made
this method relatively unreliable, particulady when the El
Niffo or La Mifka signals are weak {Conde er al., 19991, In
arder o have relatively skillful predictions at a regional bevel,
the ENSO signal needs 0 be sufficiently strong as 1o modu-
late the large-scale precipitation patiem. This was the case of
the summer of 1998, when a ropid tansition from positive
1o negative 55T anomalies in the eastemn Pacific resulted in
relatively good monthly precipitation predictions even at a lo-
cal level (Figure 12). Multiple regression schemes, based on
global 55T predictions, take into account more predictors than
simply El Mifio or La Nifla signals. This appears 1o be par-
ticulardy useful when El Nifo forcing does not exist and other
factors, such as easterly wave actbvity, play & mone imporant
robe in the characteristics of the miny season.

It appears, nonetheless, that the future of regional cli-
mate predictions will rely on the use of improved Regional
Climate Models, Preliminary experiments show that a crucial
element 1o obtain reliable predictions at regional spa spatial
scales is the adequate simulation of the boundary condi-
tions by the GCMs (Mogaiia and Pércz, 1998). For instance,
an error of 5% in longitude in the phase of the PNA pattern
would resull in large errors in the simulated precipiation for
winter in northwestern Mexico, given the strong relation-
ship between these factors. Current GOMs do not appear
10y be capable of reproducing such details of the large-scale
circulation, probably because of the intemmal variability of
the midlatitude circulations themselves (Hoerling and Ku-
mar, 1997).
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5. SUMMARY AND CONCLUSIONS

Dwring winter, El Mifio results in positive precipits-
tion anomalics over northwestern Mexico, and negative
precipitation anomalies around the Isthmus of Tehuantepec.
The changes in the circulation associated with the PNA pat-
tern force the subiropical jet stream to enhance over south
central Mexico. Such change in the large-scale circulation
increascs Northern activity over the IAS. It is not clear,
however why the mone frequent passage of Mortherns re-
sults in negative anomalies in precipitaotion around southermn
Mexico and the Caribbean coast of Central America.

Positive precipitation anomalics in  northwesiern
Mexico duning winter turn out to be of great importance for
the recovery of waler levels in dams [Magafta and Conde,
20000, However, the large inter-ENSO variability in the
region of Sonora and Chihuahua makes the prediction of
winler precipitation anomalies a real challenge, Given the
socioeconomic imporance of El Mifo for the winter climate
in the region, more in depth analyses of the mechanisms that
control the phuse and wavelength of quasi-stationary waves
such as the PNA pattern are necessary.

The negative winter precipitation anomaly signal dur-
ing La Nifia appears to be more robust over most of northern
Mexico. The anomalous precipitation patiem may cven con-
stitute a reliable seasonal prediction during these periods, as
during the winter 1985802000,

El Nifio summers usually result in negative precipitation
anomalies over most of Mexico and Central America, The ele-
mends that foroe such precipitation deficit include:

i) asouthward shifit (2°-3%) in the ITCZ over the eastem Pacific:
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i} enhanced subsidence over northem Mexico; and

i) @ stroager low-level jet over the Caribbean, which in turm
resulis ina more intense wind shear over the TAS and fewer
tropical cyclones.

The intense low-level jet intensifics the coastal upwell-
ing over the northern coast of South America leading o nega-
tive 35T anomalies over the castern Caribbean. Therefore, the
Caribbean low-level jef acts as a link between the castern Pa-
cific and the TAS.

During La Nifia summers, precipitation returns (o nor-
mal or i5 even above the climmological mean a5 o result of;

i} an ITCZE around 107N,

i) weaker trace winds over twe [AS,

iii) weaker subsidence over nonthemn Mexico, and

v} a recovery in the number of hurricanes in the Atlantic.

There are some regions though, that appear o be rela-
tively insensitive (o the occwrmrence of La Nifta or El Mifio. For
instance, during summer, northwesicm Mexico may exhibin
precipitation deficit either during El Nifho or La Nifin vears,
The mechanisms that control inerannual climate varizbility
over this region are unclear, In Dect, thas region shows low or
null predictabality based on 55Ts only.

The experience of a severe drought during the intense
19971998 El Nifio event hod a tremendous impact in the so-
ciseconomic activities of Mexico. The estimated costs of the
event in the Mexican economy are of the order of 2 hillion
dodlars. Forest fires, losses in agniculture, fisheries, and other
disasters have made the Mexican authosities (o reflect on the
importance of adequate scasonal climate predictions. The re-
cent advances on the prediction of ENSO, and our increased
undlerstanding of the mechamizsms that conmol climse vari-
ability in Mexico have resulted in skilllul seasonal precipi-
tation prediction schemes, Therefore, products of diagnostic
and prognostic models are becoming an impsrtant ool in the
planning of some sociGeconOmic acliviles,
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RESUMEN

La ubicacidn geogrilbca de México bo sitks entre bos paises mids expuestos a ba expresion de El Mifio cn latiiudes needias v bajas.
Laos efecios de Bl Nifo 22 encuenlran en [a mayos panie de bos manes costeros. en la acmisiera v, por ende, en therra, alierando casd iodas
lms formas de activides] humana en México. Lod mares cosleres perciben ana 'wpdu:aljaanﬁn',an la gue Ii.t.lga.l.ﬁ.'l miis cilidas ¥ lauﬂ-pl:r
cies tropicales migren hacia Intitudes mavores a o fargo de lo costa del Pacilico v del Golfo de Califomia; bos organismas motiles se ven
degplazndos o compiten en un ambierte noeva, los organismos sésiles se agotan o mueren. E1 Nifio, al tiempo que mcremsentn ln precipi-
tncidia en los estados del norte, reduce las Hovins en el resto del pais; mientms algunas cisdacles sufren inumdaciones y deslizamienics de
ticrm v ¢l desierie Aorece, [a mayor pare de México padece ln sequin, lns cosschas de productos hdsicos disminayen ¥ bas ciudades del
centrn del pals acusan calores exiremos ¥ humedad reducida, Los retos gue surgen de ks estudios en este volumen incluyen el entender
In respuesta del entomo o otms Auctuaciones climilicns de gran escaln ¥ sus inleracciones, @mnbo pars miligar los efectos cotasirdficos de
los eventos extremos que resulten, como pam desamrollar modelis ambientales que induccan o la bisqueda de formas susientables de la
nctividul econdmica y social,

PALABRAS CLAVE: El Nifho, Mésico, clima, fluctuaciones,

ABSTRACT

Mexico's peogrmphical location makes it one of the countries most coposed 1o the bow apd mid-Ratitudes expressions of El Mido, The
effiects El Nifo are to be found almost everywhere in the ocean. in the atmosphere, and by aatural extension, on land, affecting mosi forms
of sctivity n Mexico, The coastal ocean undergoes 5 "tropicalization”, with warmer water and tropical spocies found at higher latitudes
along the Pacific coast and in the Gulf of Califormia; motile crganisms are displeced of must compete ina new eayironment, sessile organ-
isms are depleted or die off. Bl Mifko increases minfall over the nosthem states, bug reduees precipiiation elsewhere inthe country; as some
cities suffer Aoods and lnndslides and the desen Blooms, most of Mexico suffers the effect of drought, yields of basic crops ane reduced., sl
msinland citics sustain the warmest and driest conditions. The challenges that arise from the stodies in this volume include understanding
ihe response to other large-scale climatic fluctuations and their imemetions, both 1o mitigate the catasirophic effects of extreme events, amd

1o bener model the respoase of the environment 1o properly deslgn susiainable forms of coonormic and social sevity.

KEY WOREDS: El MNifio, Mexico, climate |, luctizaions.

1. MOTIVATION

El Nifio is a climatic event of global consequences that
sians as an anomalous warming in the equatorial Pacific off
South America and in the eastern Tropical Pacific in general,
and resulis principally from a rearrangement of the surface
lavers when the Trade winds, esually swill easierdies over the
enlire equatorial region, weaken, ceaxse, Or reverse. Varous
oceanic (wave propagations and mmospheric (leleconnec-
thons} processes contribute 1o the establishment of the anoma-
lous thermal and sea surface elevation ficlds. The consequenc-
es of El Mifio on the environment and its social and economis
repercussions arg important and widespread,

In the eady momths of 1997, the Equatorial Pacific
showed sagns of an impending massive Bl Nifio, and a3 &
consequence of the early predictions, the event received enor-
mous and unprecedented press coverage, drawing altenlion

6

to the need to mitigne its cotmstrophic effccts around the
world, but also o factor its modulating effects on economic
endeavors in order 10 enhance economic productivity. The ef-
fects of El Nifio in Mexico were poordy understood, limibted o
some isolated observations of & probable causal relationship
between large-scale weather fluctuations and the depariure
from “normal” conditions of some environmental conditions,
such as the annual regional rainfall, the success or failure of
individual crops, or the Aucteations in the location and catches
of a particular fishery.

Whether Mexico undergoes some influence of El Nifio
is no longer o matter of investigation. Even us the studies
reparted in this volume were getling under way, the pres-
ence af the 1997-98 event was evident everywhere, from the
higher incidence of hurricanes in the Pacific, warmer walers
ofshore, o Moods in some Baja California cities, and de-
pleted reservoirs pretty much everywhere else. Since then,
number of publications have compiled the effects of El Niflo
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in Mexico (Magadia ef al., 1999; Escobar et al., 20017, a5 has
happened in Peru (Tarazona and Castillo, 1999 and elsewhere;
the subject of El Nifio has even been popularized (Mash, 2002),
The geographical location of Mexico, downstream along the
coastal waveguide from the equatorial source of El Nifio, and
in berween the sublropical jet stream and the Inter-Tropical
Convergence Zone, makes it a primary target for the several
effects of El Nifio. The studies reported here, beyvond docu-
menting impacts of El Nifio. quantify its effects on specific en-
virommients and provide a generalized piciure of their response
12 climatic Auctuations, The challenge that arises from their
results is to better understand the entire spectrum of climatic
fluchuations, the interactions of varous temporal and spatial
scales, and 1o formulate specific policies to mitigate their po-
tentially destructive effects, while hamessing their beneficial
influence, Section 2 gives an overview of the results of the
studies conducted under this special program to document the
effects of El Nifio in Mexico, section 3 offers a discussion of
the main conclusions, and section 4 outlines some policies that
might be adopted 1o better confront the challenge of climatic
fluctuations in our environment.

2. A SUMMARY OF RESULTS IN THIS VOLUME

El Nifio results from intricate ocean-mimosphere in-
leractions and is own inherent physics, which sustain some
of its outstanding and basic features, such as duration, inter-
mittancy, and phase locking to the seasonal eyele, many of
which remain poory understood. The volume begins with a
survey by Sheinbanm of prevailing theories on the subject.
(Hereafter, references in italics are of papers found in this
volume. as opposed 1o regular citations in the bibliography).

The menst clearly perceived effect of El Niffo in Mexico,
as elsewhere, is its direct influence on the weather, Magada
ef al., explain that during El Nifto, a southward shift of the
jet stream and of the Inter-Tropical Convergence Zone, to-
gether with more inense trade winds and fewer tropical cy-
clones aver the western Atlantic, are followed by an increase
of norherly winds over the southern Gulf of Mexico and a
lower relative humidity. Precipitation is wsually gremly di-
minished over most of Mexico, often resulting in severe
droughts, except over the northemn states where winter rains
tlend w be more abundant, A retum to “normal” conditions
or a reverse scenario is brought about during La Nifia. Re-
cords of the weather flucnmtions are preserved in a number
of matural media; five tree ring width chronologics, ranging in
length from 101 10 135 vears (Martijena), all had significant
correltions with precipitation recosds from Baja Californin
and California and with an ENSO-relaied index from instru-
mental records, Precipitation is able to explain from & o0 57%
of the variation in tree growth. On long-term scales, Herguera
er al, wack tropical ocesmographic variability on decadal
timescales for the past three centuries through ocean-driven
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feedbacks to show thal winler sea surface wemperatures ane
much more sensitive than summer temperatures 1o changes
introduced by El Nifio. Changes in winter $5Ts on interannual
1o decadal timescales seem o be modulated by low-frequency
ENSO variability, possibly through higher frequency and in-
tensity of El Nifio'La Nifia events that temporarily lock sur-
face ocean lemperatures into warm/cold decadal periods in the
Gulf of Califomia.

In the ocean, El Nifio effecls appear most comimod
off the Pacific coast and in the Gull of California, the coast
fine being the meridiondl waveguide thal conducts equatorial
signals 1o higher latitudes. Monthly surveys off the coast of
mainland Mexico by Filonav ef al. show that a northward pen-
etration along the coast of large amounts of warmer, fresher
waker of tropical crigin occurred about one month after the
manifestations of El Nifio were reporied in the castern Tropi-
cal Pacific. Smellite observations in the region of the mouth
of the Gulf of California (Aguirre-Gidoes e al.) confirm the
warming by about 3 1o 5* C during El Nifio and a reduction
of the upwelling off Cabo Correntes. Farther noth, in the
southemn portion of the California Current, Lavanieges er al,
report a strong presence of tropical copepods at the peak of
the El Nifio, associated with a decrease of sooplankton bio-
mass and only a moderate increase of integrated chlorophyll
u. Similar positive S5T anomalies were found in Magdalena
Bay (Palomares-Gareia ef al.), with a maximum of +44 *C
in the summer of 1997; zooplankion biomass was half’ that of
the El Nifio of 1982-83, with a chlorophyll maximum in late
spring to early summer, and a minimum in winter. Temperate
specices of copepods from the California Current were found
in the cool phase preceding El Nifio, while tropical species
appeared during the active phase of the event. The abundance
of both temperate and iropical small pelagic fishes dropped
from a half to one order of magnitude from previous reports.
Kelp beds on two reefs off the western coast of Baja Califor-
nia also collapsed during El Nifio (Guomdn del Prov ef all),
maost probably because of the thermal stress; of course, ben-
thic inveriebrates who depend on the kelp for food, such as
the juvenile abalone, also suffered drastic reductions in their
populations, hut benthic invertebrates who do not rely on the
kelp for food, such as spiny lobsters, can in wrn increase in
numbers, Whether this is due to a reduced competition, in=
creased food availability, or the stimulating effects of the
higher temperatures remains unclear. Populations recovered
quickly, usually within a year or two as conditions returned
1o normal, but should nonetheless remain unexposed to fish-
ing pressures while under the influence of El Nifo. In another
fundamental observation, the whale population in Laguna San
Ignacio appeared o be unafMected by El Nifio in terms of the
number of single whales and dead calves (Urbar er al'), but
the mother-call pairs were significantly fewer and dead adult
whales were more abundant, suggesting the modified weath-
er patterns impacted the whale's nutrition sources. Finally,



Dichioa indicates that El Mifio might have an influence on the
spectrum of toxing produced by red tides off Mexico, with
important consequences on coastal populations and wildlife.

Expressions of El Nifo were also prevalent in the Gulf of
Californin. Lavin er af. document statistically significant posi-
tive sea surface emperature anomalies associated o El Nifio,
expecially 1o the 1997-98 event, and cold anomalics related
to La Mifia, some of which appear related 1o the large scale
thermal structure of the eastern Tropical Pacific, though others
may originate only from local atmospheric forcings. Off the
Bav of Lo Paz, over Espiritu Santo seamount, Amaedor- Buen-
revstre et o, report the unusual presence of Equatorial Surface
Water during the El Nifio; a 120 km diameter cyclonic eddy in
Faralldéin basin presses an intense and narrosw coastal jet fows-
ing north along the Baja California coast, with convergence
of the Aow over the seamount. The mixed layer deepened to
70 m and sea surface temperature was about 2 °C higher than
normal. El Nifio also favors migration of tropical fishes 1w
Espiritu Santo scamount (Mufilia-Mele ef al.), increasing the
diversity of sdult species bt decreasing the diversity of lar-
val assemblages, even though more than 50 percent of lorval
fishes during El Mifio conditions belong 1o mesopelagic spe-
cies of tropical affinity. The benthic sessile communities wene
exposed 1o a considerable thermal anomaly during the sum-
meer-and about 30 percent of the corals expenenced bleaching,
accompanied by a severe 60 percent monality (fglesias er al.).
Coral bleaching wias less severe in anzns where they ane nor-
milly exposad to higher temperatures, suggesting an adaptive
capability; corals located in shallow areas experienced higher
incidence of bleaching than those in deeper water, probably
because of wemperature stratification rather than differences
in light conditions. The coral associaled Fauna also showed
variations related to coml blesching and monality. Farher
north within the Gulf of California, in Bahin Concepcidn,
higher femperatures in the water column, lower nutrient and
perdinin concentrmions, and & 2 10 3 month delay of the onset
of strafification indicate the influence of Equatonal Surfisce
Water inhibiting the proliferation of dinoftageilaie growps dur-
ing Bl Mifio 1997- 98 {Ldpez-Corrds et al ). Near ihe large is-
lands of the Gull of Califomia, Pocheco-Buiz ef of, show Uhat
kelp beds and seaweed populations collapse with the warming
coaused by El Nifio, recovering quickly, usually within a year
or two; they confirm the cause o be thermal rather than an
incressed irradiance. In the extreme northern Gulf of Califor-
nia, waterbirds nesting on Isla San Jorge, at La Purinera and
on Isla Montague, and the sea lions on Isla San Jorge, also
rescted srongly o El Mifio (Mellink), Brown boobies on San
Jorge ceased breeding and left the island, replaced by a large
influx of Mue footed boobies, and increased nesting of least,
elegant, and royal tems and black skimmers on Montague,
Sea lions at Isla San Jorge about doubded, bul the oumber of
pups they produced remained about the same. During 1999,
Heereman's gulls, which had stopped breeding on San Jorge,
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and Brandt’s cormorants, which had never been reported there,
were all on the island in 1999, La Mifia conditions brought
about population levels prevalent before EI Nifio.

Lakes and other inland bodies of water also refect the
changes of weather associated o El Nifio. Alcecer and Lugo
document such effects on tropical Lake Alchichica, a warm
monomictic lake, which result in a namower and slightly
colder hypolimnion, larger thermal changes along a shallower
thermecline, a warmer epilimnion, a delay of hyposic! anoxic
condition in the hypolimnion, a thinper hypolimnaetic anoxic
layer, and a more modest spring cyanobacierial bloom, But
Caballere ef al, have shown that the lake sediments are poor
record-keepers of environmental series because the high pH
and alkalinity of the like destroy diatoms and pigments stored
in the sediments. In a different realm, there have been fewer
studies of the Caribbean and Gulf of Mexico suitable for the
detection of a possible El Nifio effect off the Atlantic coast of
Mexico, where expressions of El Mifio are themselves prob-
ably smaller. Nonetheless, Escobar is able to show an increase
of episodic carbon inputs into the sediments of the shelf and
slope of the southwestern Gulf of Mexico, through pulses of
phytodetrital material that originates from increased wind-
induced mixing of the upper water column, and lead to a sig-
nificant increase of macrofaunal biomass during El Nific, an
interesting example of a possible eleconnection over the isth-
mus of middle America,

The economic impacts of El Nifio are felt through its
effects on the primary production sectors, agriculture and
fisheries, and on i1s impact on the urban environment, main-
ly through increased environmental hazards, An impsortant
consequence of El Mifio is the variation of the yvields of tra-
ditional crops, such as maize and beans. A very interesting
crop-grovwith model by Tiscarefe e ol activated with climatic
parameters, maps the regions of Mexico that are sensitive o
weather changes amnd susceptible of crop vield vanations re-
sulting from deviations in air emperature and precipitation
during El Mifto and La Nifia years. Some of these resulis are
confirmed by the study of Salinas-Zevala and Linch-Covda,
who show that vields of winter-grown wheal under irrigation
in the state of Sonora, while depending largely on technologi-
cal advances, still repont larger yields during El Nifio because
of increased precipitation. Similarly, Cortéds-Calva and Alva-
rez-Castafleda find that the effects of altered patterns of min-
fall and temperature on rodent populations in desert habitats is
most evident in a grazing pasiure, with o larger population re-
sulting from increased rainfall and a much smaller population
during droughts, probably hecause of the significan change in
the availability of perennial, These effects are much reduced
in an undisturbed notoral reserve.

On the wrban front, Tereshenko er al. extract the ex-
pression of El Nifo in the spectra of temperoiure and pre-
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cipitation in various cities, including Guadalajara, Manzanillo,
Cruanajuato, Mexicali and Ensenada, and on the water levels
of Lake Chapala, which reflect to a large extent the integral
processes occurring within the Lerma-Chapala watershed. Pe-
riods of 2 to 7 years in the spectra are thought 1 be related
to El Nifko, whereas periods of 9 to 22 years might reflect so-
lar influence. For the metropolitan area of Guadalajara, an Fl
Mifio year causes a significantly larger number of howss with
lemperures over 23°C; higher-thannormal temperntunes be-
gan in March 1998, and a relative humidity below 30 percent
prevailed from late January till June of the same year, Near
another large urban area, Lizdrraga ef af. document the inten-
sive beach erosion that occurred off Rosarito during the winter
of 1948 as a result of a very energetic wave regime and higher
water levels caused by El Nifio, requiring a long period of mild
wave conditions 1o restore the initial profile height. Flooding
i the destruction of several bouses in the backshore resulied,
and the recreational and protection capabilities of the beach
were severely curlailed. The imponance of the beach on the
local economy evidences the need for the continuous momitor-
ing of wenther conditions. Finally, Winckell and Le Page pro-
vide a pilot study of the hydrologic response of the basins thar
include the city of Tijuans and the characterization by means
of a Geographical Information System of the hazards resulting
From the considerabde rainfall brought about by the 1997.98 El
Nifio, provide an assessment of the actions needed o mitigate
the dangers of future extreme metearological events.

3. DISCUSSION

El Nifio consists of a rearrangement of large-scale
oceanic and mmospheric patterns and its consequences. Off
Mexico, the coastal ocean is invaded by tropical water and
accompanying species, which meplace in pan, and compeie,
with the organisms usually present: it cquates a vinual equator
ward shift of several degrees of lntitude, as it were, a “tropi-
calization” of the coastal ocean. Since stmospheric features in
reality shift 1o the south, the virtual latitudinal displacement
fior land-hased systems appears to be in the opposite direction,
iz the usually moist and tropical portions of Mexico become
temporarily drier. and the arid north and nonthwest acquire
rainy weather characteristics more typical of, say, northemn
California or western Europe ( Cavazos and Hastenrath, 1990,
It wiould, in effect, be as if the country tore apan, the oceans
moved south and the land slid north. The response of the eco-
systems i5 very (asl; tropical species colonize temperate wa-
ters within months, exuberant vegetation covers the ussally
arid northwest, and most of Mexico wills under the effects
of drought, The returm 1o “normal” or La Nifia conditions is
cqually rapid. The effects of an El Nifio cyvcle can thus be con-
siderable,

As the studies reported here have made clear, the re-
sponse to El MNifio is important and fast in the sense that
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changes occur in a fraction of the El Nifio cycle itself. This
illustrates the susceptibility of the environment to climatic
changes in general, of which El Nifio is but one major com-
ponent. Climatic fluctuations occur on many temporal and
spatial seules (an evcelbent overview of some of these ogher
oscillations may be found in Higgins er al., 2003). B Nifio is
the prevalent example of interannual changes; variations tha
appear Lo arise from the configurmtion of major oceanic basing,
such as the North Pacific Oscillation or the North Atkantic Os-
cillation, seem 1o cause fluctuations on decadal scales:; and
intrascasonal fluctuations, such as the Madden-Julian oscilla-
tion, introduce variations on scales from one o three months.
Much of the complexity of the weather, and the difficulty of its
prediction, as well as the new challenge in understanding the
effects of climatic changes, clearly arise from the interactions
of the components of this very rich spectrum of Auctuations,

El Nifio variations are smaller than the seasonal signal,
and tonger-term fluctuations are usually smaller than El Nifko,
but the superpasition of all signals produces extremes which
could bring environmental systems to the limit of their resil-
igncy and 1o the brink of imeversible disruption. Identifyving
these limits 15 extremely imponant and an added challenge 1o
the understanding of the effects of climatic Muctuations, be-
cause pdding the human component to the natural causes can
increase natural hazards (o catastrophic levels, and the natral
evolutive behavior of an ecosystem can be altered beyond re-
pair, such as causing the collapse of an otherwise sustainable
indusiry, or the extinction of species.

Nutural hazards arise from the change in regimes, as the
environmeni shifts from one state of equilibrium 1o anoiber,
The ground becomes unstable a5 rains exceed the basic ab-
sorplion capscity of the soil, and the grasses that remain from
exceplional rains are prone 10 brush or forest fires thal can
devastate large land surfaces. But, as was pointed by Amtz
(1984) Tor Peru, not all effects of El Mifio are damaging. Posi-
tive aspects of climatic fluctuations, usually less publicized
than their harmiul effects, are also many and imporiant o be
recognized for a proper response to weather Nuctuations. The
tropicalization of the coastal ocean couses some populations o
rejuvenate and climinate unadapied elements, excessive rains
replenish aquifers, extreme temperatures keep unwanted pesis
in check. and some of the vegetation requires the wild fires to
reproduce. Much more than a simple cause for catastrophic
events, climatic variations are gn important part of the com-
plex background tha sustaing our environment. A thorough
understanding of its elements 5 a fundamental condition for

its proper monagement.
4. SOME IMPLICATIONS FOR PUBLIC POLICY

The purpose of funding the studies contained in this
volume wis to assess and quandify the cffects of El Nifio in
Mexico with the combined aim of documenting the scien-



lific rebevance of the process and to draw some practical con-
clusions in terms of public policy. Begging the forgivensss
of the specialists in the field who might approach the subject
differently, this section lists some policy actions that appear
desirable in light of what we now know about the effects of
climatic Mucteations, Many have been mentioned before, oth-
rs miny seem self-evident, but all remain o be impiemented al
least in a thorough way. The list is also probably incomplete.

1. Environmental monitoring. Mo sound policies can be es-
tablished without adequate environmental informoation on
different time scales, The gathering of long-lerm series of
the fundomental environmental variables, such as weather
information, sea level, sea surface temperatures, and bio-
geochemical responses remains a eritieal goal,

2. Data banks, A proper data center for environmental infor-
metion needs o be established, which should gather, pro-
cess and verify the quality of the data, and make them read-
ily available to public and private users.

3. Predictive modeling. The technology exists o develop
complex operational numerical models with predictive ca-
pabilities. Most lacking is a weather model, which should
interface with those in use in the United States, and should
assimilate the data from the numersus weather buoys al-
ready deploved in the North Pacific, Other operational
models that need to be developed include one for agri-
cultural production and rsks (fire, frost, discases), envi-
ronmental hazards, such as fires, floods, landslides, and
socieconomic models, whose discussion [ shall keave o
specialists,

4. Conservation and restoration, The natural state of the
environment is an expression of the ccological adaptation
to a limited set of deterministic and stochastic ranges of
climatic conditions. Extreme <limatic evenis can topple
that state im0 another equilibrium mnge o which organ-
isms and human societies must adapt, although the nature
of these new conditions remains largely unknown before
they oceur, Thus, one of the challenging endeavors for the
future security and welfare of human societics has to do
with the use and relation o the environment. Maiwral aneas
should be preserved to maintain the globad biodiversity pat-
lems, severely altered regions should be restored as much
as possible, and new development should ke place with
the best understanding possible of what conditions abrupt
climatic changes might create, This makes environmental,
social, and economic sense.

Finally, it is imperative to underling that the social con-
sequences of E1 Nifo and other climatic flucteations lic a1
the end of the chain of, and are the most imporiant, of the
reactions of natural systems o environmental variations, A
proper discussion of that subject is bevond the scope of this
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work and of the suthor's field, but the careful study of the
social response o climatic variations is indeed a fundamental
and timely question that needs to be addressed.
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