" DTI C USAFETAC/TN--QZ@I
ELECTE
l s JAN2 2 1993, AD"A259 541

C T AR

NG

SOUTH AMERICA

South of the Amazon River

A Climatological Study

by

Michael T. Gilford
1st Lt Michael J. Vojtesak
MSgt Gregory Myles
TSgt Richard C. Bonam
Capt David L. Martens

AUGUST 1992

Q i
({e] APPROVED FOR PUBLIC RELEASE;
O DISTRIBUTION IS UNLIMITED
F
:
™
N =
USAF
ENVIRONMENTAL TECHNICAL
APPLICATIONS CENTER

Scott Air Force Base, lllinois, 62225-5116




REVIEW AND APPROVAL STATEMENT '

USAFETAC/TN--92/004, South America South of the Amazon River--A Climatological Study, August
1992, has been reviewed and is approved for public release. There is no objection to unlimited
distribution of this document to the public at large, or by the Defense Technical Information Center
(DTIC) to the National Technical Information Service (NTIS).

~C

PARKE A. SMITH, Maj, USAF KENNETH R. TERS, Sr.
Chief of Operations Chief, Readiness Support Branch

FOR THE COMMANDER /

WALTER S. B
Scientific and Technical Information
Program Manager

18 August 1992

ii




12.

13.

14.

15.
17.

18.

B

REPORT DOCUMENTATION PAGE
Report Date: August 1992
Report Type: Technical Note
Title and Subtitle: South America South of the Amazon River--A Climatological Study

Authors: Michael T. Gilford, 1st Lt Michael J. Vojtesak, MSgt Gregory Myles, TSgt
Richard C. Bonam, Capt David L. Martens

Performing Organization Names and Address: USAF Environmental Technical
Applications Center (USAFETAC), Scott AFB IL 62225-5438

Performing Organization Report Number: USAFETAC/TN--92/004

Distributior/Availability Statement: Approved for public release; distribution is
unlimited.

Abstract: A climatological study of South America south of the Amazon River. The
study area includes Brazil south of the Amazon, Peru south of 5 degrees south and south
of the Maranon River, and the countries of Argentina, Bolivia, Chile, Paraguay and
Uruguay. It also includes the Falkland (Malvinas) Islands. After describing general
geography, the report discusses the major meteorological features of South America.
Next, the geography and major climatic controls of each of four major subregions (West
Central, Tropical, Subtropical, and Southern South America) are discussed. Finally,
each of the four subregions is broken into "zones of climatic commonality." “Seasons,"
which vary in each of these zones, are defined and discussed in considerable detail.

Subject Terms: *CLIMATOLOGY, *"METEOROLOGY, *WEATHER, *GEOGRAPHY,
*SOUTH AMERICA.

Number of Pages: 715

Security Classification of Report: UNCLASSIFIED
Security Classification of this Page: UNCLASSIFIED
Security Classification of Abstract: UNCLASSIFIED

Limitation of Abstract: UL

Acoasdloa For

NTTS  QRésd :
»Yi® LAB 0 !
! Uuaunounsed O
l Standard Form 298 Jwitifisatien 3
== o
By.
DTIC QUALITY INSPECTED 8 |- strivetisn/
Availability Codes
i “|Avail amd/or’
Dist Special




PREFACE

This study was prepared by the USAF Environmental Technical Applications Center's Environmental
Applications Branch, Readiness Support Section (USAFETAC/ECR) as USAFETAC project 80829, in
response to a support assistance request (SAR) from the 5th Weather Wing, Langley AFB, VA, under
the provisions of Air Weather Service Regulation 105-18. Like its predecessors (climatological studies
of the Persian Gulf, the Caribbean Basin, and Southwest Asia-Northeast Africa), this work is
complemented by studies of refractivity and transmittance climatology.

The project would not have been possible without the dedicated support of the many people and
agencies we have listed below in the sincere hope we've not omitted anyone.

First, our deepest gratitude and appreciation to Mr Walter S. Burgmann, Mr Wayne E. McCullom, Mr
David P. Pigors, Mrs Kay E. Marshall, Mrs Susan A. Tarbell, Mrs Elizabeth M. Mefford, and Mrs
Susan L. Keller of the Air Weather Service Technical Library (AWSTL).

Thanks also to Mr Henry (Mac) Fountain, Mr Vann Gibbs, Mr Dudley (Lee) Foster, Mr William R.
Bobb, and other members of Operating Location A (OL-A), USAFETAC, Asheville, NC, for providing
data, data summaries, and technical support.

Thanks to Mr Kenneth R. Walters Sr, Maj Kathleen M. Traxler, Capt Kevin P. Martin and TSgt
Ronald L. Coleman of USAFETAC for their assistance.

Thanks also to those many United States and South American meteorologists whose discussions with
various brach members over the past 10 years have shed considerable light on South American
meteorology. This study would have been much poorer without their contributions.

Finally, all the authors owe sincere gratitude to the Publications Services team of the AWSTL, Mr

George M. Horn and Sgt Corinne M. Kawa. Without their patience and cooperation, this project could
not have been completed.

iv




TABLE OF CONTENTS

Chapter 1 INTRODUCTION
Areaof Interest . .. ...... vttt e et et e 1-1
Study Content .. ......... ittt ittt e 1-2
Climatological Regimes ............... ... . it i, 1-2
COMVENLIONS ... vttt ittt ittt et ettt et e e, 1-2
Data SoUrCeS . . . v ittt it ettt e e e e et 1-3
Related References . ..........c.oiiuiiimiininnieeeeeeennnnaannens 1-3
Chapter 2 MAJOR METEOROLOGICAL FEATURES OF SOUTH AMERICA
Semipermanent ClimaticControls ................. ... ..., 2-2
SynopticDisturbances . ............ ...t e e 2-37
Mesoscale and Local Features .................. i iiiriumnennnann. 2-74
Chapter 3 WEST CENTRAL SOUTH AMERICA
Situation and Relief . .......... ittt i ii it 3-3
Major Climatic Controls . ....... ... ...ttt 3-3
3.1 Pacific Arid . . .. .. .. i e e 3-4
32 Central Andes . ......... ittt i e e e 3-44
Chapter 4 TROPICAL SOUTH AMERICA
Situation and Relief . ... .. .. ... .ttt ittt i 4-2
Major ClimaticControls .. ........c.c.cimi ittt ienanennnnnn 4-3
41 Western Amazon Basin . .. ......... ittt 4-5
42 Central Amazon Basin .. ........cciiiiiiii i 4-41
4.3 Eastern Amazon Basin . ...... ...ttt nrnnen. 4-82
4.4 BrazilianEastCoast . .. .. ... ...ttt 4-128
45 Northeast Brazil ............. ... ... 4-174
46 Brazilian Plateau ... ... ... ... ..ttt 4-213
Chapter 5 SUBTROPICAL SOUTH AMERICA
Situationand Relief ............. . ittt 5-2
Major ClimaticControls . ............ccciiiiiiiiiin ittt 5-2
5.1 Gran Chaco/Pampas . ... .... ...t ttiemneeeeeneonneeeaannennnnn 5-4
5.2 Southern Brazilian Highlands/Parana Plain ........................ 5-45
Chapter 6 SOUTHERN SOUTH AMERICA
Situationand Relief .. ........... .0t 6-2
Major ClimaticControls . ... ......... ... ittt 6-3
6.1 Central Chile ............. ..., 6-4
6.2 Southern Chile . ............ . it iin. 6-48
6.3 Patagonia . . ....... .t et e e e e 6-86
64 The SouthernIslands ............ ... ... ... . . . .. ... 6-121
BIBLIOGRAPHY ......i ittt i e e et e et e e e e e e BIB-1




Figure 1-1.
Figure 2-1.
Figure 2-2a.
Figure 2-2b.
Figure 2-2¢c.
Figure 2-2d.
Figure 2-3.

Figure 2-4a.
Figure 2-4b.
Figure 2-4c.
Figure 2-4d.
Figure 2-5a.
Figure 2-5b.
Figure 2-5c.
Figure 2-5d.
Figure 2-6a.
Figure 2-6b.
Figure 2-6¢.
Figure 2-6d.
Figure 2-7a.
Figure 2-7b.
Figure 2-8.

Figure 2-9a.
Figure 2-9b.
Figure 2-9c.
Figure 2-9d.
Figure 2-9e.

Figure 2-10a.
Figure 2-10b.
Figure 2-10c.
Figure 2-10d.
Figure 2-10e.
Figure 2-11a.
Figure 2-11b.
Figure 2-11c.
Figure 2-11d.
Figure 2-11e.
Figure 2-12a.
Figure 2-12b.
Figure 2-12¢.
Figure 2-12d.
Figure 2-12e.
Figure 2-13a.

Figure 2-13b.

Figure 2-14.

FIGURES

SOUTH AMERICA and its Four Major Regions ... .................. 1
Ocean Currents Near South America. . ............... ... ... ... ..., 2-2
Mean January Sea-Surface Temperatures . . ........................... 2-3
Mean April Sea-Surface Temperatures ...................c.co.ovuu.... 24
Mean July Sea-Surface Temperatures . . ...................couieern... 2-4
Mean October Sea-Surface Temperatures ............................. 2-5
Ice Limits in the Southern Hemisphere (from McGraw-Hill

Encyclopedia of Science and Technology,1982) ......................... 2-5
Mean Sea-Level Pressure forJanuary ............................... 2-6
Mean Sea-Level Pressurefor April ........... ... .. .. 2-7
Mean Sea-Level PressurefordJuly . ... ....... ... ... ... ... . i 2-7
Mean Sea-Level Pressure for October . ............. ... .. i, 2-8
Mean NET Positions for December, January, and February .............. 2-10
Mean NET Positions for March, Apri, and May ....................... 2-11
Mean NET Positions for June, July, and August . .. .................... 2-11
Mean NET Positions for September, October, and November ............. 2-11
Mean January Position of the NET and Associated Convection . ........... 2-12
Mean April Position of the NET and Associated Convection .............. 2-12
Mean July Position of the NET and Associated Convection ............... 2-13
Mean October Position of the NET and Associated Convection ............ 2-13
Mean Amazonian Low and NET Positions (bold lines) for January ......... 2-14
Mean Amazonian Low and NET Positions (bold lines) forJuly ............ 2-14
Atmospheric Pressure at Sea Level Shows NAD During Southern

Hemisphere Summer (from Schwerdtfeger, 1976 ... .................... 2-15
Mean January Upper-Air Flow Patterns, 850 mb ... ................... 2-16
Mean January Upper-Air Flow Patterns, 700 mb ...................... 2-17
Mean January Upper-Air Flow Patterns, 500 mb ...................... 2-17
Mean January Upper-Air Flow Patterns, 300mb ...................... 2-18
Mean January Upper-Air Flow Patterns, 200mb ...................... 2-18
Mean April Upper-Air Flow Patterns, 850mb .. .. ..................... 2-19
Mean April Upper-Air Flow Patterns, 700 mb . . .. ..................... 2-19
Mean April Upper-Air Flow Patterns, 500 mb . . ....................... 2-20
Mean April Upper-Air Flow Patterns, 300 mb . .. ...................... 2-20
Mean April Upper-Air Flow Patterns, 200mb . . ....................... 2-21
Mean July Upper-Air Flow Patterns, 850 mb ......................... 2-21
Mean July Upper-Air Flow Patterns, 700mb ......................... 2-22
Mean July Upper-Air Flow Patterns, 500 mb ......................... 2-22
Mean July Upper-Air Flow Patterns, 300mb ......................... 2-23
Mean July Upper-Air Flow Patterns, 200mb ......................... 2-23
Mean October Upper-Air Flow Patterns, 850 mb .. ..................... 2-24
Mean October Upper-Air Flow Patterns, 700mb . .. .................... 2-24
Mean October Upper-Air Flow Patterns, 500 mb . . ..................... 2-25
Mean October Upper-Air Flow Patterns, 300 mb . ... ................... 2.25
Mean October Upper-Air Flow Patterns, 200 mb . . ... .................. 2-26
Mean Summer (January) Positions of the Polar and Subtropical Jets

Over South America . ............... . ittt 2-27
Mean Winter (July) Positions of the Polar and Subtropical Jets Over

South America .............. .. 2-27
Barrier Wind . ......... ... ... . i 2-28

vi




Figure 2-15a.

Figure 2-15b.

Figure 2-15c.

Figure 2-15d.

Figure 2-16.
Figure 2-17.
Figure 2-18.
Figure 2-19.
Figure 2-20.

Figure 2-21a.
Figure 2-21b.

Figure 2-21c.
Figure 2-22.

Figure 2-23.
Figure 2-24.

Figure 2-25a.
Figure 2-25b.
Figure 2-26a.
Figure 2-26b.
Figure 2-26c¢.
Figure 2-26d.

Figure 2-27a.
Figure 2-27b.

Figure 2-27c.

Figure 2-28a.
Figure 2-28b.

Figure 2-29a.
Figure 2-29b.
Figure 2-29¢.
Figure 2-29d.
Figure 2-29e.

Figure 2-29f.

Figure 2-29g.
Figure 2-29h.
Figure 2-30a.
Figure 2-30b.

Figure 2-30c.

Figure 2-30d.
Figure 2-30e.

Figure 2-30f.
Figure 2-31.

Figure 2-32a.
Figure 2-32b.

Bolivian High, Subtropical Ridge, and Western South Atlantic Trough
at 200 mb in January
Subtropical Ridge at 200 mb in April
Subtropical Ridge at 200 mb in July
Subtropical Ridge at 200 mb in October
Walker Circulations During La Nifia (top) and A Strong El Nino (bottom) ...
Eastern Pacific Currents During A Strong EINifio ... ..................
Sea-Surface Temperatures (° F) for November 1982 El Nino
Mean Sea Surface Temperatures (° F) for November . . ..................
Walker Circulation Over South America and the Atlantic During El Nino
Flow Pattern for the Vortex-Deformation Cloud Zone
Flow Pattern for the Baroclinic-Leaf Cloud Zone
Flow Pattern for the Mature Comma-Cloud Zone ......................
Cyclone "Families"; A Common Development Sequence in the Eastern

South Pacific (from Bell, 1986)
The "Instant" Occlusion
Storm Tracks
Mean Seasonal Sea-Level Pressure for the Dry Winter (June-August)

of 1952 in South-Central Chile .............. ... ... ... . ... .. .....
Mean Seasonal Sea-Level Pressure for the Wet Winter (June-August)

of 1953 in South-Central Chile .............. ... ... ... ... .......
Typical Summer Cyclogenesis/Frontogenesis Surface Pressure Pattern

Along the Southeast Coast of South America .........................
Frontogenesis Produced by Troughing Between the Semipermanent
High-Pressure Cells of the South Pacific and South Atlantic
A Wave Develops on the Boundary Between Air Masses . ................
Mature Extratropical Cyclone Moving Southeastward into the South Atlantic .
Cyclogenesis Over Rio de la Plata, 13 November 1983 (0700Z IR)
Cyclogenesis Over Rio de la Plata, 15 November 1983 (1900Z IR)
Cyclogenesis Over Rio de la Plata, 17 November 1983 (0700ZIR) ... .......
Semipermanent Low Surface Pressure Areas Defining the Circumpolar

Trough for January (from Schwerdtfeger, 1970) .......................
Semipermanent Low Surface Pressure Areas Defining the Circumpolar

Trough for July (from Schwerdtfeger, 1970)
500-mb Chart, 8 January 1963 (1200Z)
Surface Chart, 8 January 1963 (1200Z)
500-mb Chart, 9 January 1963 (1200Z)
Surface Chart, 9 January 1963 (1200Z)
500-mb Chart, 10 January 1963 (1200Z)
Surface Chart, 10 January 1963 (1200Z)
500-mb Chart, 11 January 1963 (1200Z)
Surface Chart, 11 January 1963 (1200Z)
500-mb Chart, 21 May 1963 (1200Z)
Surface Chart, 21 May 1963 (12002)
500-mb Chart, 22 May 1963 (1200Z)
Surface Chart, 22 May 1963 (1200Z)
500-mb Chart, 23 May 1963 (1200Z)
Surface Chart, 23 May 1963 (1200Z) . . . . ...« . i,
Common Surface Low and Cold Front Positions
500-mb Chart, 3 August 1963 (1200Z)
Surface Chart, 3 August 1963 (12002)

...........................................
...............................
................................

.............................

..............

.......................

....................................
.........................................

.................................................

..........

..........

..........................

.............................
..............................
.............................
.............................
.............................
................................
................................
................................
................................

.......................
..............................

vii




Figure 2-32¢.

Figure 2-32d.
Figure 2-33a.
Figure 2-33b.

Figure 2-33c.

Figure 2-33d.
Figure 2-33e.

Figure 2-33f.

Figure 2-34a.
Figure 2-34b.

Figure 2-34c.

Figure 2-34d.
Figure 2-34e.

Figure 2-34f.

Figure 2-35a.
Figure 2-35b.

Figure 2-35¢c.

Figure 2-35d.

Figure 2-36.
Figure 2-37.
Figure 2-38.

Figure 2-39.
Figure 2-40.

Figure 2-41.
Figure 2-42.
Figure 2-43.

Figure 2-44.

Figure 2-45a.
Figure 2-45b.
Figure 2-45¢.
Figure 2-45d.
Figure 2-45¢.

Figure 2-45f.
Figure 2-46.

Figure 2-47a.
Figure 2-47b.
Figure 2-47c.

Figure 2-47d.
Figure 2-47e.

Figure 2-47f.
Figure 2-48.
Figure 2-49.
Figure 2-50.

500-mb Chart, 4 August 1963 (1200Z) ........... ... ... ... 2-58
Surface Chart, 4 August 1963 (1200Z) ... ........ci i, 2-58
500-mb Chart, 27 August 1963 (1200Z) . . . . ... ... ... i 2-59
Surface Chart, 27 August 1963 (1200Z ... ....... ... .. . .. 2-59
500-mb Chart, 28 August 1963 (1200Z) . . . . .. ... .. .. i, 2-60
Surface Chart, 28 August 1963 (1200Z) ........ ... ... ..., 2-60
500-mb Chart, 29 August 1963 (1200Z) . . . . ... ... ... ... 2-61
Surface Chart, 29 August 1963 (1200Z) .... ......... ..ot in. 2-61
500-mb Chart, 9 September 1963 (1200Z) . ... ... ... ... 2-62
Surface Chart, 9 September 1963 (1200Z) . . ... .. ... ... venn. .. 2-62
500-mb Chart, 10 September 1963 (1200Z) ...... ... ... . ... ... 2-63
Surface Chart, 10 September 1963 (1200Z) . ............. ... ... 2-63
500-mb Chart, 11 September 1963 (1200Z) . ...... ... ... ... ... ....... 2-64
Surface Chart, 11 September 1963 (1200Z) ... ........ ... . vt 2-64
500-mb Chart, 20 November 1963 (1200Z) .............. ... ... 2-65
Surface Chart, 20 November 1963 (1200Z) ........... ... .. 2-65
500-mb Chart, 21 November 1963 (1200Z) .......... ... ... ... ... ... 2-66
Surface Chart, 21 November 1963 (1200Z) ........... .. ..., 2-66
Atmospheric Pressure at Sea Level Shows the Argentine Continental

High During Southern Hemisphere Winter (from Schwerdtfeger,

1076 .. e e e e e 2-67
Trade-Wind Surges in Northeast and Southeast Atlantic Trades . . ... ... ... 2-68
Trade-Wind Surge Entering the Equatorial Westerlies from the

Southeast Pacific Trades .. .......... .. ... .. ... .. . . ... 2-69
Vertical Cross Section of a Tropical Squall Line .................... ... 2-70
Sequence for the Formation of a 200-mb Cyclone in the South Atlantic

(from Kousky, 1983) . .... ... ... i e 2-711
Vertical Cross Section Through an Upper-Tropospheric Cyclonic

System (from Kousky, 1983) . ....... ... ... ... .. . 2-72
Satellite Imagery of Upper-Tropospheric Cyclone over Northeast Brazil,

20March 1982 (1800Z IR) . ......... ...ttt iieiane . 2-72
Location of MCSs Across South America Between April 1981 and May

1983 (from Velasco and Fritsch, 1986) ................. ... ... ...... 2-74
MCS Tracks Over South America . ................................. 2-75
MCS Sequence, 25 January 1983 (0600ZIR) . ... ........ .. ..ot 2-76
MCS Sequence, 25 January 1983 (1200ZIR) . . . ... ... ... i 2-76
MCS Sequence, 25 January 1983 (1759Z IR) . . ... .. .. ... ... .. ... 2-717
MCS Sequence, 26 January 1983 (0000ZIR) . ... ...... ... ... ... ... ..., 2-77
MCS Sequence, 26 January 1983 (0600Z IR) . .. ........... ... 2-78
MCS Sequence, 26 January 1983 (1200ZIR) ............. ... ... 2-718
The "Common" Daytime Sea Breeze (A) and Nighttime Land Breeze (B) . . . .. 2-79
Gradient Flow With Offshore Wind Component Sloping Gently Over

Dense, Cooler Marine Boundary Layer AirMass ...................... 2-79
Increased Compacting of the Marine Boundary Layer Tightens

Pressure Gradient Along Land/Sea Interface ......................... 2-79
Maximum Compacting of the Marine Boundary Layer .................. 2-79
"Frontal” Sea Breeze Accelerates Towards Shore ...................... 2-80
Sea Breeze "Front" Reachesthe Coast .............................. 2-80
Land/Sea Breeze Mechanism in Full Swing ........... ... ... ......... 2-80
Land/Sea Breeze With Onshore Gradient Flow ... ..................... 2-80
Typical Land/Lake Breeze With Cloud-Cover Pattern . .................. 2-81
Complex Land/Lake Circulation and Resultant Cloud Cover Pattern . . . .. ... 2-81

viii




Figure 2-51.
Figure 2-52.

Figure 2-53.
Figure 2-54a.
Figure 2-54b.
Figure 2-54c.
Figure 2-54d.
Figure 2-54e.
Figure 2-54f.
Figure 2-54g.
Figure 2-54h.
Figure 2-55.
Figure 2-56.
Figure 2-57a.
Figures 2-57b.
Figure 2-57c.
Figure 2-57d.

Figure 3-1.
Figure 3-2.
Figure 3-3.
Figure 3-4.
Figure 3-5.
Figure 3-6.
Figure 3-17.
Figure 3-8a.
Figure 3-8b.
Figure 3-8c.
Figure 3-8d.

Figure 3-9a.

Figure 3-9b.
Figure 3-9c.

Figure 3-9d.

Figure 3-10a.

Cloud Cover Pattern (Top View) Over the Amazon River Basin
Mesoscale Circulation Over and Near Large Rivers of the Central
Amazon During the Day (top) and at Night (bottom) (from Greco,
1989)
Valley and Slope Winds (from Whiteman, 1990)
Midnight to Sunrise on the East Slope
Sunrise on the Upper East Slope
Whole East Slope in Sunlight
Whole Valley in Sunlight
West Slope Receiving More Solar Radiation Than East Slope
Solar Radiation Only Tangential to East Slope
Sunset on East Slope and Valley Floor
After Sunset on the lower West Slope . .............................
Typical Mountain-Wave Pattern and Associated Clouds
WBGT Index and Hot Weather Doctrine (from TB MED 507)
Average Maximum WBGT Index (January)
Average Maximum WBGT Index (April)
Average Maximum WBGT Index (July)

Average Maximum WBGT Index (October)

.......................................................
.......................
..............................
........................................

WEST-CENTRAL SOUTH AMERICA
The PacificArid Zone ... .......... .. .. .. .. . . i ..
Climatic Station Network, Pacific Arid Zone
Cordillera Occidental Foothills Near 12°
Geographical Society, 1930) .. ... ... ... ... .. . .t .
Coastal Hills Bordering the Pacific Ocean Near Ancon Bay (11° S)

(from American Geographical Society, 1930)
Dry Coastal Plains Near Pisco Bay, Peru, at 14° S (from American
Geographical Society, 1930)
Typical Coastal Terrain South of 22° S (from American Geographical
Society, 1930)
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL-~January, Lima, Peru
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL--April, Lima, Peru
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL--July, Lima, Peru
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL--November, Lima, Peru
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL--January, Antofagasta,
Chile
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL--April, Antofagasta, Chile
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL-~July, Antofagasta, Chile
Mean Vertical Temperature and Dewpoint Profile (° F) Between 1,000
and 6,000 Feet (305-1,830 meters) MSL, Antofagasta--November,
Chile
Generalized Coastal Terrain Configuration for Peru Between 8° S and
18° S (from Lettau and Lettau, 1973)

S (from American

.......................................
..................................................

.......................................................

.......................................................

..............................

ix

...........................




Figure 3-10b.

Figure 3-11.

Figure 3-12a.
Figure 3-12b.

Figure 3-13a.
Figure 3-13b.
Figure 3-14a.
Figure 3-14b.
Figure 3-15a.
Figure 3-15b.
Figure 3-16a.
Figure 3-16b.

Figure 3-16c.

Figure 3-16d.
Figure 3-17a.
Figure 3-17b.

Figure 3-18.

Figure 3-19a.
Figure 3-19b.
Figure 3-20a.
Figure 3-20b.
Figure 3-21a.
Figure 3-21b.
Figure 3-22a.
Figure 3-22b.

Figure 3-22c.

Figure 3-22d.

Figure 3-23.
Figure 3-24.

Figure 3-25a.
Figure 3-25b.

Figure 3-25c¢.

Figure 3-25d.

Figure 3-26.

Figure 3-27.

Figure 3-28a.
Figure 3-28b.

Figure 3-29.
Figure 3-30.
Figure 3-31.
Figure 3-32.
Figure 3-33.
Figure 3-34.
Figure 3-35.
Figure 3-36.
Figure 3-37.

Generalized Coastal Terrain Configuration for Chile Between 18° S
and 28° S (from Lettau and Lettau, 1973)
Abnormally Heavy Convection in Peru With a Southward-Displaced
Near Equatorial Trough (10 March 1983, 0630Z)
Percent Frequencies of Ceilings Below 3,000 Feet (915 meters)--High-
Sun Period
Percent Frequencies of Ceilings Below 3,000 Feet (915 meters)--Low-
Sun Period
Percent Frequencies of Visibility Below 3 Miles--High-Sun Period
Percent Frequencies of Visibility Below 3 Miles--Low-Sun Period
Mean Fog Days--High-Sun Period
Mean Fog Days--Low-Sun Period
Mean Surface Wind Speeds (kts)--High-Sun Period
Mean Surface Wind Speeds (kts)--Low-Sun Period
Surface Wind Roses--January
Surface Wind Roses--April
Surface Wind Roses--July
Surface Wind Roses--October
Mean Monthly Mid-Level Wind Directions for Antofagasta, Chile
Mean Monthly Mid-Level Wind Directions for Lima, Peru
Mean Monthly Upper-Level Wind Directions, Lima, Peru
Tabular Precipitation Data--High-Sun Period
Tabular Precipitation Data--Low-Sun Period
Mean Thunderstorm Days--High-Sun Period
Mean Thunderstorm Days--Low-Sun Period
Tabular Temperature Data (° F)--High-Sun Period
Tabular Temperature Data (° F)--Low-Sun Period . . ... .. ... ............
January Wet-Bulb Globe Temperatures (° F)
April Wet-Bulb Globe Temperatures (° F)
July Wet-Bulb Globe Temperatures (° F)
October Wet-Bulb Globe Temperatures (° F)
The Central Andes
Climatic Station Network, Central Andes
Airflow Over the Andes Cordillera During Southern Hemisphere Summer . .
Airflow Over the Andes Cordillera During Southern Hemisphere Fall . . . . ...
Airflow Over the Andes Cordillera During Southern Hemisphere Winter . ..
Airflow Over the Andes Cordillera During Southern Hemisphere Spring
Typical Convective Cloud Pattern Across the Central Andes During the
Wet Season
Wet-Season Frequencies of Ceilings Below 3,000 Feet (915 meters)
Mean Number of Wet-Season Fog Days
Wet-Season Percent Frequencies of Visibility Below 3 Miles
January Surface Wind Roses, Central Andes
Mean Surface Wind Speeds (kts)
Mean Monthly Wind Direction at Various Levels, La Paz, Bolivia
Mean January Precipitation, Central Andes
Mean Wet Season Precipitation (inches), Central Andes
Mean Thunderstorm Days, Central Andes
Wet-Season Tabular Temperature Data (°F) .........................
April Percent Frequencies of Ceilings Below 3,000 Feet (915 meters)
Mean April Fog Days

...................................................

...................................................

.....................

.....................................

.......................................

........................................

.....................................

..........................

..........................

.........................

............................

.....

..................................................

.............................

..................................

..........................

...........................




Figure 3-38.
Figure 3-39.
Figure 3-40.
Figure 3-41.
Figure 3-42.
Figure 3-43.
Figure 3-44.
Figure 3-45.
Figure 3-46.
Figure 3-47.
Figure 3-48.
Figure 3-49.
Figure 3-50.
Figure 3-51.
Figure 3-52.
Figure 3-53.
Figure 3-54.
Figure 3-55.
Figure 3-56.
Figure 3-57.
Figure 3-58.
Figure 3-59.
Figure 3-60.
Figure 3-61.
Figure 3-62.

Figure 4-1.
Figure 4-2.
Figure 4-3.
Figure 4-4.
Figure 4-5.
Figure 4-6.

Figure 4-7.

Figure 4-8.
Figure 4-9.

Figure 4-10.
Figure 4-11.
Figure 4-12.

Figure 4-13.

Figure 4-14.
Figure 4-15.
Figure 4-16.
Figure 4-17,
Figure 4-18.
Figure 4-19.

Figure 4-20.

Percent Frequencies of Visibility Below 3 Miles

Mean Surface Wind Speeds (kts) . ............. ... .. ... .. ... ... .. 3-69
Surface Wind Roses--April ........ ... .. .. .. .. .. ... .. ... 3-69
Mean April Precipitation (mm) . ........... ... ... .. .. .. . .. .. 3-70
April Mean, Maximum, and 24-Hour Precipitation ..................... 3-71
Mean April Thunderstorm Days . ................... ... ... ..... 3-72
Mean April Tabular Temperature Data (°F). ......................... 3-72
Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915 meters) .. 3-74
Dry-Season Percent Frequencies of Visibility Below 3 Miles .............. 3-76
Mean Fog Days--Dry Season, Central Andes . ......................... 3-76
Mean Surface Dry Season Wind Speeds (kts) ......................... 3-77
July Wind Roses, Central Andes . . ................. .. ... ... ... 3-78
Mean July Precipitation (mm), Central Andes ........................ 3-79
Dry-Season Mean Precipitation (inches) ............................. 3-80
Mean Dry-Season Thunderstorm Days .............................. 3-81
Dry-Season Tabular Temperature Data °F) ......................... 3-83
October Percent Frequencies of Ceilings Below 3,000 Feet (915 meters) ... .. 3-86
October Percent Frequencies of Visibility Below 3 Miles . ............... . 3-87
Mean October Fog Days .. ......... ... ... i .. 3-88
Mean October Mean Surface Wind Speeds (kts) ....................... 3-88
October Surface WindRoses . . .............. ... ... 3-89
Mean October Precipitation ................. ... . ... 3-90
Mean October Tabular PrecipitationData . ... ........................ 3-91
Mean October Thunderstorm Days . ................................ 3-91
Mean October Tabular Temperature Data (°F) ........................ 3-92
TROPICAL SOUTH AMERICA .. ....... ... ... . .. 4-2
Western AmazonBasin . ......... ... ... ... ... ... ... .. .. ... 4-5
Climatic Station Network, Western Amazon Basin ...................... 4-6
Mean Annual Precipitation, Western Amazon Basin ... .................. 4-8
Mean January Cloud Cover, Western Amazon Basin . .................. 4-11

Wet-Season Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Western Amazon Basin .. ... .......... ... ... ... 4-12
Wet-Season Percent Frequencies of Visibility Below 3 Miles, Western

Amazon Basin .......... .. e e 4-13
Mean Wet-Season Wind Speeds, Western Amazon Basin . ............... 4-14
October Surface Wind Roses, Western Amazon Basin ... ................ 4-15
January Surface Wind Roses, Western Amazon Basin .. ................ 4-16
April Surface Wind Roses, Western Amazon Basin . .................. .. 4-17
Mean Monthly * 'nd Directions at Various Levels at Iquitos, Western

Amazon Basin .. ... ... 4-18
Mean Monthly Wind Directions at Various Levels at Pucallpa, Western

Amazon Basin ......... ... .. e 4-18
Mean October Precipitation, Western Amazon Basin ... ................ 4-20
Mean January Precipitation, Western Amazon Basin ... ................ 4-21
Mean April Precipitation, Western Amazon Basin . .. ... ................ 4-22
Wet-Season Tabular Precipitation Data, Western Amazon Basin .......... 4-23
Wet-Season Tabular Temperature Data, Western Amazon Basin .......... 4-25

Mean Wet-Season Diurnal Wet-Bulb Globe Temperature (WBGT) Data
(°F), Western Amazon Basin .................. ... . ... ... . ... . .... 4-26
Mean July Cloud Cover, Western Amazon Basin

xi




Figure 4-21.
Figure 4-22.

Figure 4-23.
Figure 4-24.
Figure 4-25.
Figure 4-26.
Figure 4-27.
Figure 4-28.
Figure 4-29.

Figure 4-30.
Figure 4-31.
Figure 4-32.
Figure 4-33.

Figure 4-34.

Figure 4-35.
Figure 4-36.
Figure 4-37.

Figure 4-38.
Figure 4-39.
Figure 4-40.

Figure 4-41.
Figure 4-42.
Figure 4-43.
Figure 4-44.

Figure 4-45.
Figure 4-46.

Figure 4-47.

Figure 4-48.
Figure 4-49.
Figure 4-50.
Figure 4-51.
Figure 4-52.
Figure 4-53.

Figure 4-54.
Figure 4-55.

Figure 4-56.

Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Westerm Amazon Basin . ............... ... .. .. ...
Dry-Season Percent Frequencies of Visibility Below 3 Miles, Western

Amazon Basin
July Surface Wind Roses, Western Amazon Basin
Mean Dry-Season Wind Speeds, Western Amazon Basin . . .. .............
Mean June Precipitation, Western Amazon Basin . . ... .................
Mean August Precipitation, Western Amazon Basin
Dry-Season Tabular Precipitation Data, Western Amazon Basin .. .........
Dry-Season Tabular Temperature Data, Western Amazon Basin . . . ... ... ..
Mean and Maximum Dry-Season Diurnal Wet-Bulb Cllobe Temperature

(WBGT) Data (° F), Dry Season, Western Amazon Basin
Central Amazon Basin
Climatic Station Network, Central Amazon Basin
Mean January Cloud Cover, Central Amazon Basin
Wet-Season Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Central Amazon Basin
Wet-Season Percent Frequencies of Visibility Below 3 Miles, Central
Amazon Basin
Mean Wet-Season Wind Speeds, Central Amazon Basin
January Surface Wind Roses, Central Amazon Basin
Mean Monthly Wind Directions for Various Levels at Manaus, (Eastern
Amazon Basin)
Mean Monthly Wind Directions for Various Levels at Cachimbo,
Central Amazon Basin
Mean Monthly Wind Directions for Various Levels at Vilhena, Central
Amazon Basin
Mean Monthly Wind Directions for Various Levels at Porto Velho,
Central Amazon Basin
Wet-Season Tabular Precipitation Data, Central Amazon Basin
Mean January Precipitation, Central AmazonBasin .. ... ...............
Wet-Season Tabular Temperature Data, Central Amazon Basin
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (°F) for January, Central Amazon Basin . . ... ....................
Mean May Cloud Cover, Central Amazon Basin
Wet-to-Dry Transition Percent Frequencies of Ceilings Below 3,000

Feet (915 meters), Central Amazon Basin . ...........................
Wet-to-Dry Transition Percent Frequencies of Visibility Below 3 Miles,

Central Amazon Basin
Mean Wet-to-Dry Transition Wind Speeds, Central Amazon Basin
June Surface Wind Roses, Central AmazonBasin .. ....................
Mean May Precipitation, Central Amazon Basin .. .....................
Wet-to-Dry Transition Tabular Precipitation Data, Central Amazon Basin . ..
Wet-to-Dry Transition Tabular Temperature Data, Central Amazon Basin . ..
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (°F) for May, Central Amazon Basin
Mean July Cloud Cover, Central Amazon Basin
Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Central Amazon Basin
Dry-Season Percent Frequencies of Visibility Below 3 Miles, Central
Amazon Basin

........................................
.....................

....................
................................................
...................
................................................
..........................................

................................................

..........................................

..........................................

...........................

.......................

...................................

................................................

xii




Figure 4-57.
Figure 4-58.
Figure 4-59.
Figure 4-60.
Figure 4-61.
Figure 4-62.

Figure 4-63.
Figure 4-64.

Figure 4-65.

Figure 4-66.
Figure 4-67.
Figure 4-68.
Figure 4-69.
Figure 4-70.
Figure 4-71.

Figure 4-72.
Figure 4-73.
Figure 4-74.
Figure 4-75a.

Figure 4-75b.
Figure 4-75¢.

Figure 4-76.
Figure 4-77.

Figure 4-78.
Figure 4-79.
Figure 4-80.
Figure 4-81.

Figure 4-82.
Figure 4-83.
Figur= 4-84.
Figure 4-85.
Figure 4-86.
Figure 4-87.
Figure 4-88.
Figure 4-89.
Figure 4-90.

Figure 4-91.

Mean Dry-Season Wind Speeds, Central Amazon Basin
August Surface Wind Roses, Central Amazon Basin
Mean July Precipitation, Central Amazon Basin
Dry-Season Tabular Precipitation Data, Central Amazon Basin
Dry-Season Tabular Temperature Data, Central Amazon Basin
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for July, Central Amazon Basin
Mean October Cloud Cover, Central Amazon Basin
Dry-to-Wet Transition Percent Frequencies of Ceilings Below 3,000
Feet (915 meters), Central Amazon Basin
Dry-to-Wet Transition Percent Frequencies of Visibility Below 3 Miles,
Central Amazon Basin
Mean Dry-to-Wet Transition Wind Speeds, Central Amazon Basin
October Surface Wind Roses, Central Amazon Basin
Mean October Precipitation, Central Amazon Basin
Dry-to-Wet Transition Tabular Precipitation Data, Central Amazon Basin . ..
Dry-to-Wet Transition Tabular Temperature Data, Central Amazon Basin . . .
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for October, Central Amazon Basin
Eastern Amazon Basin
Climatic Station Network, Eastern Amazon Basin
Sea Breeze Activity Near the Coast, 1700Z 15 September 1979
Annual Area of Maximum Low Ceiling and Precipitation Frequencies,
1500-2100L
Annual Area of Maximum Low Ceiling and Precipitation Frequencies,
2100-0900L
Annual Area of Maximum Low Ceiling and Precipitation Frequencies,
0900-1500L
Mean February Cloud Cover, Eastern Amazon Basin
Percent Frequencies of Ceilings Below 3,000 feet (915 meters), Eastern
Amazon Basin
Percent Frequencies of Visibility Below 3 Miles, Eastern Amazon Basin
Mean Wet-Season Wind Speeds, Eastern Amazon Basin
March Surface Wind Roses, Eastern Amazon Basin
Mean Annual Wind Directions for Various Levels at Fortaleza, Eastern
Amazon Basin
Mean Annual Wind Directions for Various Levels at Sao Luiz, Eastern

Amazon Basin .......... ... e
Mean Annual Wind Directions for Various Levels at Belem, Eastern

Amazon Basin
Mean Annual Wind Directions for Various Levels at Manaus, Eastern
Amazon Basin
Wet-Season Tabular Precipitation Data, Eastern Amazon Basin
Average Precipitation for January, Eastern Amazon Basin
Average Precipitation for March, Eastern Amazon Basin
Average Precipitation for May, Eastern Amazon Basin
Wet-Season Tabular Temperature Data, Eastern Amazon Basin
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for February, Eastern Amazon Basin
Mean July Ciovd Cover, Eastern Amazon Basin

.......................

...........................

....................

..........................................

..................................................

..................................................

..................................................

................................................

................................................

................................................

................................................

xiii




Figure 4-92.

Percent Frequencies of Ceilings Below 3,000 feet (915 meters), Eastern

Amazon Basin ............ ... ... i e 4-101
Figure 4-93. Percent Frequencies of Visibility Below 3 Miles, Eastern Amazon Basin . ... 4-102
Figure 4-94. Mean Wet-to-Dry Transition Wind Speeds, Eastern Amazon Basin . ...... 4-102
Figure 4-95. June Surface Wind Roses, Eastern Amazon Basin ................... 4-103
Figure 4-96. Wet-to-Dry Transition Tabular Precipitation Data, Eastern Amazon Basin .. 4-104
Figure 4-97. Average Precipitation for July, Eastern Amazon Basin ... ............ 4-105
Figure 4-98. Wet-to-Dry Transition Tabular Temperature Data, Eastern Amazon Basin .. 4-106
Figure 4-99. Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for July, Eastern Amazon Basin . ........................ 4-107
Figure 4-100. Mean September Cloud Cover, Eastern Amazon Basin ................ 4-109
Figure 4-101. Percent Frequencies of Ceilings Below 3,000 feet (915 meters), Eastern

Amazon Basin . ...... ... e 4-110
Figure 4-102. Percent Frequencies of Visibility Below 3 Miles, Eastern Amazon Basin . ... 4-111
Figure 4-103. Mean Dry-Season Wind Speeds, Eastern Amazon Basin ............... 4-112
Figure 4-104. September Surface Wind Roses, Eastern Amazon Basin .............. 4-112
Figure 4-105. Average Precipitation for September, Eastern Amazon Basin ........... 4-113
Figure 4-106. Dry Season Tabular Precipitation Data, Eastern Amazon Basin ......... 4-114
Figure 4-107. Dry Season Tabular Temperature Data, Eastern Amazon Basin . ... ... .. 4-115
Figure 4-108. Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for September, Eastern Amazon Basin .................... 4-116
Figure 4-109. Mean December Cloud Cover, Eastern Amazon Basin . ., .............. 4-118
Figure 4-110. Percent Frequencies of Ceilings Below 3,000 feet (915 meters), Eastern

Amazon Basin .. ....... ... L e e e 4-119
Figure 4-111. Percent Frequencies of Visibility Below 3 Miles, Eastern Amazon Basin . ... 4-120
Figure 4-112. Mean Dry-to-Wet Transition Wind Speeds, Eastern Amazon Basin .. ... .. 4-121
Figure 4-113. November Surface Wind Roses, Eastern Amazon Basin ............... 4-122
Figure 4-114. Dry-to-Wet Transition Tabular Precipitation Data, Eastern Amazon Basin .. 4-123
Figure 4-115. Average Precipitation for November, Eastern Amazon Basin ........... 4-124
Figure 4-116. Dry-to-Wet Transition Tabular Temperature Data, Eastern Amazon Basin .. 4-125
Figure 4-117. Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT) .

Data (° F) for December, Eastern Amazon Basin . . .................... 4-126
Figure 4-118. BrazilianEast Coast ......................................... 4-128
Figure 4-119. Climatic Station Network, Brazilian East Coast . ..................... 4-129
Figure 4-120a. Mean September Cloud Cover, Brazilian East Coast . .................. 4-132
Figure 4-120b. Mean November Cloud Cover, Brazilian East Coast . .................. 4-132
Figure 4-120c. Mean January Cloud Cover, Brazilian East Coast .................... 4-132
Figure 4-121. Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Brazilian East Coast . ........... ..., 4-133
Figure 4-122. Dry-Season Percent Frequencies of Visibility Below 3 Miles, Brazilian

East Coast ... .......ciiiiiit it ittt e e 4-134
Figure 4-123. Mean Dry-Season Wind Speeds, Brazilian East Coast . . .. .............. 4-135
Figure 4-124. December Surface Wind Roses, Brazilian East Coast .................. 4-136
Figure 4-125. Mean Monthly Wind Directions for Various Levels at Natal ............. 4-137
Figure 4-126. Mean Monthly Wind Directions for Various Levels at Recife . . ........... 4-137
Figure 4-127. Mean Monthly Wind Directions for Various Levels at Salvador . ... ....... 4-138
Figure 4-128. Mean Monthly Wind Directions for Various Levels at Caravelas . ......... 4-138
Figure 4-129a. Mean September Precipitation, Brazilian East Coast .................. 4-139
Figure 4-129b. Mean November Precipitation, Brazilian East Coast ... ... ............. 4-139
Figure 4-129¢c. Mean January Precipitation, Brazilian East Coast .................... 4-139

xiv




Figure 4-130.
Figure 4-131.
Figure 4-132.

Figure 4-133.
Figure 4-134.

Figure 4-135.

Figure 4-136.
Figure 4-137.
Figure 4-138.
Figure 4-139.
Figure 4-140.
Figure 4-141.

Figure 4-142.
Figure 4-143.

Figure 4-144.

Figure 4-145.
Figure 4-146.
Figure 4-147.
Figure 4-148.
Figure 4-149.
Figure 4-150.
Figure 4-151.

Figure 4-152.
Figure 4-153.

Figure 4-154.

Figure 4-155.
Figure 4-156.
Figure 4-157.
Figure 4-158.
Figure 4-159.
Figure 4-160.

Figure 4-161.
Figure 4-162.
Figure 4-163.

Figure 4-164.
Figure 4-165.

Figure 4-166.
Figure 4-167.
Figure 4-168.

Dry-Season Tabular Precipitation Data, Brazilian East Coast
Dry-Season Tabular Temperature Data, Brazilian East Coast
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for November, Brazilian East Coast
Mean March Cloud Cover, Brazilian East Coast
Dry-to-Wet Transition Percent Frequencies of Ceilings Below 3,000
Feet (915 meters), Brazilian East Coast
Dry-to-Wet Transition Percent Frequencies of Visibility Below 3 Miles,
Brazilian East Coast
Mean Dry-to-Wet Transition Wind Speeds, Brazilian East Coast
March Surface Wind Roses, Brazilian East Coast
Mean March Precipitation, Brazilian East Coast
Dry-to-Wet Transition Tabular Precipitation Data, Brazilian East Coast
Dry-to-Wet Transition Tabular Temperature Data, Brazilian East Coast
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for March, Brazilian East Coast
Mean May Cloud Cover, Brazilian East Coast
Wet-Season Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Brazilian East Coast
Wet-Season Percent Frequencies of Visibility Below 3 Miles, Brazilian
East Coast
Mean Wet-Season Wind Speeds, Brazilian East Coast
June Surface Wind Roses, Brazilian East Coast
Mean May Precipitation, Brazilian East Coast
Mean July Precipitation, Brazilian East Coast
Wet-Season Tabular Precipitation Data, Brazilian East Coast
Wet-Season Tabular Temperature Data, Brazilian East Coast
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for June, Brazilian East Coast
Mean August Cloud Cover, Brazilian East Coast
Wet-to-Dry Transition Percent Frequencies of Ceilings Below 3,000
Feet (915 meters), Brazilian East Coast
Wet-to-Dry Transition Percent Frequencies of Visibility Below 3 Miles,
Brazilian East Coast
Mean Wet-to-Dry Transition Wind Speeds, Brazilian East Coast
August Surface Wind Roses, Brazilian East Coast
Mean August Precipitation, Brazilian East Coast
Wet-to-Dry Transition Tabular Precipitation Data, Brazilian East Coast . ..
Wet-to-Dry Transition Tabular Temperature Data, Brazilian East Coast . ..
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for August, Brazilian East Coast
Northeast Brazil
Climatic Station Network, Northeast Brazil
Percent Probabilities of Monthly Precipitation Totals Less Than 1 Inch
and Greater Than 8 Inches, Northeast Brazil
Mean January Cloud Cover, Northeast Brazil
Summer Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Northeast Brazil
Summer Percent Frequencies of Visibility Below 3 Miles, Northeast Brazil . .
January Surface Wind Roses, Northeast Brazil
Mean Summer Wind Speeds, Northeast Brazil

.......................

..........................................

.....................

..........................

..................................................
.......................

.....................

............................

..........................................

............................................

.......................

Xv




Figure 4-169.
Figure 4-170.
Figure 4-171.
Figure 4-172.
Figure 4-173.
Figure 4-174.
Figure 4-175.

Figure 4-176.

Figure 4-177.
Figure 4-178.

Figure 4-179.
Figure 4-180.
Figure 4-181.
Figure 4-182.
Figure 4-183.
Figure 4-184.
Figure 4-185.

Figure 4-186.

Figure 4-187.
Figure 4-188.

Figure 4-189.
Figure 4-190.
Figure 4-191.
Figure 4-192.
Figure 4-193.
Figure 4-194.
Figure 4-195.

Figure 4-196.

Figure 4-197.
Figure 4-198.

Figure 4-199.
Figure 4-200.
Figure 4-201.
Figure 4-202.
Figure 4-203.
Figure 4-204.
Figure 4-205.

Figure 4-206.
Figure 4-207.
Figure 4-208.

Mean Monthly Wind Directions for Various Levels at Floriano
Mean Monthly Wind Directions for Various Levels at Petrolina
Mean Monthly Wind Directions for Various Levels at Bom Jesus
Mean January Precipitation, Northeast Brazil
Summer Tabular Precipitation Data, Northeast Brazil
Summer Tabular Temperature Data, Northeast Brazil
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for January, Northeast Brazil
Percent Probabilities of Monthly Precipitation Totals Less Than 1 Inch
and Greater Than 8 Inches, Northeast Brazil
Mean April Cloud Cover, Northeast Brazil
Fall Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Northeast Brazil
Fall Percent Frequencies of Visibility Below 3 Miles, Northeast Brazil
Mean Fall Wind Speeds, Northeast Brazil
April Surface Wind Roses, Northeast Brazil. . . .......................
Mean April Precipitation, Northeast Brazil
Fall Tabular Precipitation Data, Northeast Brazil
Fall Tabular Temperature Data, Northeast Brazil
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for April, Northeast Brazil
Percent Probabilities of Monthly Precipitation Totals Less Than 1 Inch
and Greater Than 8 Inches, Northeast Brazil
Mean July Cloud Cover, Northeast Brazil
Winter Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Northeast Brazil
Winter Percent Frequencies of Visibility Below 3 Miles, Northeast Brazil . . .
July Surface Wind Roses, Northeast Brazil
Mean Winter Wind Speeds, Northeast Brazil
Mean July Precipitation, Northeast Brazil
Winter Tabular Precipitation Data, Northeast Brazil
Winter Tabular Temperature Data, Northeast Brazil
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for July, Northeast Brazil .. .............................
Percent Probabilities of Monthly Precipitation Totals Less Than 1 Inch

and Greater Than 8 Inches, Northeast Brazil
Mean October Cloud Cover, Northeast Brazil
Spring Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Northeast Brazil
Spring Percent Frequencies of Visibility Below 3 Miles, Northeast Brazil . . .
October Surface Wind Roses, Northeast Brazil
Mean Spring Wind Speeds, Northeast Brazil
Mean October Precipitation, Northeast Brazil
Spring Tabular Precipitation Data, Northeast Brazil
Spring Tabular Temperature Data, Northeast Brazil
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for October, Northeast Brazil
The BrazilianPlateau .. .................... .. ... ... ...,
Climatic Station Network, Brazilian Plateau
Mean January Cloud Cover, Brazilian Plateau

..........................

..............................................

..........................

..............................

...........................

..............................................

--------------------------
........................
..........................
..................

........................
..............................................
........................
..................
..................

............................

xvi




Figure 4-209.
Figure 4-210.

Figure 4-211.
Figure 4-212.
Figure 4-213.
Figure 4-214.
Figure 4-215.
Figure 4-216.
Figure 4-217.
Figure 4-218.
Figure 4-219.
Figure 4-220.
Figure 4-221.

Figure 4-222.
Figure 4-223.

Figure 4-224.

Figure 4-225.
Figure 4-226.
Figure 4-227.
Figure 4-228.
Figure 4-229.
Figure 4-230.

Figure 4-231.
Figure 4-232.

Figure 4-233.

Figure 4-234.
Figure 4-235.
Figure 4-236.
Figure 4-237.
Figure 4-238.
Figure 4-239.

Figure 4-240.
Figure 4-241.

Figure 4-242.

Figure 4-243.
Figure 4-244.
Figure 4-245.
Figure 4-246.
Figure 4-247.
Figure 4-248.

Wet-Season Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Brazilian Plateau
Wet-Season Percent Frequencies of Visibility Below 3 Miles, Brazilian
Plateau
January Surface Wind Roses, Brazilian Plateau
Mean Wet-Season Wind Speeds, Brazilian Plateau
Mean Monthly Wind Directions for Various Levels at Vilhena

Mean Monthly Wind Directions for Various Levels at Rio De Janeiro
Mean Monthly Wind Directions for Various Levels at Caravelas
Mean Monthly Wind Directions for Various Levels at Brasilia
Mean Monthly Wind Directions for Various Levels at Carolina
Mean January Precipitation, Brazilian Plateau
Wet-Season Tabular Precipitation Data, Brazilian Plateau
Wet-Season Tabular Temperature Data, Brazilian Plateau
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for January, Brazilian Plateau
Mean April Cloud Cover, Brazilian Plateau
Wet-to-Dry Transition Percent Frequencies of Ceilings Below 3,000
Feet (915 meters), Brazilian Plateau
Wet-to-Dry Transition Percent Frequencies of Visibility Below 3 Miles,
Brazilian Plateau
April Surface Wind Roses, Brazilian Plateau
Mean Wet-to-Dry Transition Wind Speeds, Brazilian Plateau
Mean April Precipitation, Brazilian Plateau
Wet-to-Dry Transition Tabular Precipitation Data, Brazilian Plateau
Wet-to-Dry Transition Tabular Temperature Data, Brazilian Plateau
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for April, Brazilian Plateau
Mean July Cloud Cover, Brazilian Plateau
Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915
meters), Brazilian Plateau
Dry-Season Percent Frequencies of Visibility Below 3 Miles, Brazilian
Plateau
July Surface Wind Roses, Brazilian Plateau
Mean Dry-Season Wind Speeds, Brazilian Plateau
Mean July Precipitation, Brazilian Plateau
Dry-Season Tabular Precipitation Data, Brazilian Plateau
Dry-Season Tabular Temperature Data, Brazilian Plateau
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for July, Brazilian Plateau
Mean October Cloud Cover, Brazilian Plateau
Dry-to-Wet Transition Percent Frequencies of Ceilings Below 3,000
Feet (915 meters), Brazilian Plateau
Dry-to-Wet Transition Percent Frequencies of Visibility Below 3 Miles,
Brazilian Plateau
October Surface Wind Roses, Brazilian Plateau
Mean Dry-to-Wet Transition Wind Speeds, Brazilian Plateau
Mean October Precipitation, Brazilian Plateau
Dry-to-Wet Transition Tabular Precipitation Data, Brazilian Plateau
Dry-to-Wet Transition Tabular Temperature Data, Brazilian Plateau
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for October, Brazilian Plateau

................................

..............................................

.................

...................

.......................................
..................

-------------------

.......................

....................

................................

..............................................
....................

.................
.........................
.......................................

xvii




Figure 5-1.
Figure 5-2.
Figure 5-3.
Figure 5-4.
Figure 5-5.

Figure 5-6.
Figure 5-7.

Figure 5-8.
Figure 5-9.

Figure 5-10.
Figure 5-11.
Figure 5-12.
Figure 5-13.
Figure 5-14.

Figure 5-15.
Figure 5-16.

Figure 5-17.
Figure 5-18.
Figure 5-19.
Figure 5-20.
Figure 5-21.
Figure 5-22.
Figure 5-23.

Figure 5-24.
Figure 5-25.

Figure 5-26.
Figure 5-27.
Figure 5-28.
Figure 5-29.
Figure 5-30.
Figure 5-31.
Figure 5-32.

Figure 5-33.
Figure 5-34.

Figure 5-35.
Figure 5-36.
Figure 5-37.
Figure 5-38.
Figure 5-39.
Figure 5-40.
Figure 5-41.

Figure 5-42,

SUBTROPICAL SOUTH AMERICA
Gran Chaco/Pampas
Climatic Station Network, Gran Chaco/Pampas
Mean Summer Cloud Cover, Gran Chaco/Pampas .. ....................
Summer Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Gran Chaco/Pampas
Summer Percent Frequencies of Visibility Below 3 Miles, Gran
Chaco/Pampas
January Surface Wind Roses, Gran Chaco/Pampas
Mean Summer Wind Speeds, Gran Chaco/Pampas
Mean Monthly Wind Directions for Various Levels at Cordoba
Mean Monthly Wind Directions for Various Levels at Resistencia
Mean January Precipitation, Gran Chaco/Pampas
Summer Tabular Precipitation Data, Gran Chaco/Pampas
Summer Tabular Temperature Data, Gran Chaco/Pampas
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for January, Gran Chaco/Pampas .. ........................
Mean Fall Cloud Cover, Gran Chaco/Pampas
Fall Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Gran Chaco/Pampas
Fall Percent Frequencies of Visibility Below 3 Miles, Gran Chaco/Pampas . . .
April Surface Wind Roses, Gran Chaco/Pampas
Mean Fall Wind Speeds, Gran Chaco/Pampas . . .......................
Mean April Precipitation, Gran Chaco/Pampas
Fall Tabular Precipitation Data, Gran Chaco/Pampas . . .................
Fall Tabular Temperature Data, Gran Chaco/Pampas . . .. ...............
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for April, Gran Chaco/Pampas
Mean Winter Cloud Cover, Gran Chaco/Pampas
Winter Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Gran Chaco/Pampas
Winter Percent Frequencies of Visibility Below 3 Miles, Gran Chaco/Pampas .
July Surface Wind Roses, Gran Chaco/Pampas
Mean Winter Wind Speeds, Gran Chaco/Pampas
Mean July Precipitation, Gran Chaco/Pampas
Winter Tabular Precipitation Data, Gran Chaco/Pampas
Winter Tabular Temperature Data, Gran Chaco/Pampas
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for July, Gran Chaco/Pampas
Mean Spring Cloud Cover, Gran Chaco/Pampas
Spring Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Gran Chaco/Pampas
Spring Percent Frequencies of Visibility Below 3 Miles, Gran Chaco/Pampas .
October Surface Wind Roses, Gran Chaco/Pampas
Mean Spring Wind Speeds, Gran Chaco/Pampas . . ... ..................
Mean October Precipitation, Gran Chaco/Pampas
Spring Tabular Precipitation Data, Gran Chaco/Pampas . . .. .............
Spring Tabular Temperature Data, Gran Chaco/Pampas . . . . .............
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for October, Gran Chaco/Pampas
Southern Brazilian Highlands/Parana Plain

..............................
..........................................

.......................
.....................................
................................................
...............
.........................
............................................

.......................
............................................
........................
i

.............................

.......................

............................................

..........................

......................

xXviii




Figure 5-43.
Figure 5-44.
Figure 5-45.

Figure 5-46.

Figure 5-47.
Figure 5-48.
Figure 5-49.
Figure 5-50.
Figure 5-51.
Figure 5-52.
Figure 5-53.

Figure 5-54.
Figure 5-55.
Figure 5-56.
Figure 5-57.
Figure 5-58.
Figure 5-59.
Figure 5-60.
Figure 5-61.
Figure 5-62.
Figure 5-63.
Figure 5-64.

Figure 5-65.
Figure 5-66.

Figure 5-67.
Figure 5-68.
Figure 5-69.
Figure 5-70.
Figure 5-71.
Figure 5-72.
Figure 5-73.

Figure 5-74.
Figure 5-75.

Figure 5-76.

Figure 5-77.
Figure 5-78.

Climatic Station Network, Southern Brazilian Highlands/Parana Plain ... .. 5-46
Mean Summer Cloud Cover, Southern Brazilian Highlands & Parana Plain .. 5-49
Summer Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Southern Brazilian Highlands & Parana Plain ................. 5-50
Summer Percent Frequencies of Visibility Below 3 Miles, Southern

Brazilian Highlands & Parana Plain ............................... 5-51
January Surface Wind Roses, Southern Brazilian Highlands & Parana Plain . 5-52
Mean Summer Wind Speeds, Southern Brazilian Highlands & Parana Plain . 5-53

Mean Monthly Wind Directions for Various Levels at Rio De Janeiro .. ... .. 5-54

Mean Monthly Wind Directions for Various Levels at Asuncion ........... 5-54
Mean Monthly Wind Directions for Various Levels at Buenos Aires ........ 5-55
Mean January Precipitation, Southern Brazilian Highlands & Parana Plain . . 5-55
Summer Tabular Precipitation Data, Southern Brazilian Highlands &
Parana Plain .. ....... ... . . e e e e 5-56
Summer Tabular Temperature Data, Southern Brazilian Highlands &
Parana Plain . ............. .. . . i e e 5-57
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for January, Southern Brazilian Highlands & Parana
Plain . ... e e e e e 5-58
Mean Fall Cloud Cover, Southern Brazilian Highlands & Parana Plain ... .. 5-60

Fall Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),
Southern Brazilian Highlands & Parana Plain ........................ 5-61
Fall Percent Frequencies of Visibility Below 3 Miles, Southern

Brazilian Highlands & Parana Plain ............................... 5-62
April Surface Wind Roses, Southern Brazilian Highlands & Parana Plain ... 5-63
Mean Fall Wind Speeds, Southern Brazilian Highlands & Parana Plain . . . .. 5-64
Mean April Precipitation, Southern Brazilian Highlands & Parana Plain . ... 5-64

Fall Tabular Precipitation Data, Southern Brazilian Highlands & Parana Plain5-65
Fall Tabular Temperature Data, Southern Brazilian Highlands & Parana Plain5-66
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for April, Southern Brazilian Highlands & Parana Plain
Mean Winter Cloud Cover, Southern Brazilian Highlands & Parana Plain ... 5-69
Winter Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),

Southern Brazilian Highlands & Parana Plain .. ...................... 5-70
Winter Percent Frequencies of Visibility Below 3 Miles, Southern

Brazilian Highlands & Parana Plain
July Surface Wind Roses, Southern Brazilian Highlands & Parana Plain . . ..
Mean Winter Wind Speeds, Southern Brazilian Highlands & Parana Plain . . . 5-73
Mean July Precipitation, Southern Brazilian Highlands & Parana Plain . . . . . 5-73
Winter Tabular Precipitation Data, Southern Brazilian Highlands &

Parana Plain . ... ......... ... . i e 5-74
Winter Tabular Temperature Data, Southern Brazilian Highlands &
Parana Plain . ... ........ . . it e e e 5-75

Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for July, Southern Brazilian Highlands & Parana Plain ... ... ... 5-76
Mean Spring Cloud Cover, Southern Brazilian Highlands & Parana Plain . ..
Spring Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),

Southern Brazilian Highlands & Parana Plain ........................ 5-79
Spring Percent Frequencies of Visibility Below 3 Miles, Southern

Brazilian Highlands & Parana Plain ............................... 5-80
October Surface Wind Roses, Southern Brazilian Highlands & Parana Plain . 5-81
Mean Spring Wind Speeds, Southern Brazilian Highlands & Parana Plain . .. 5-82

Xix

|




Figure 5-79.
Figure 5-80.
Figure 5-81.

Figure 5-82.

Figure 6-1.
Figure 6-2.
Figure 6-3.
Figure 6-4.
Figure 6-5.

Figure 6-6.
Figure 6-7.
Figure 6-8.
Figure 6-9.

Figure 6-10.
Figure 6-11.
Figure 6-12.
Figure 6-13.
Figure 6-14.

Figure 6-15.
Figure 6-16.

Figure 6-17.

Figure 6-18.
Figure 6-19.
Figure 6-20.

Figure 6-21.
Figure 6-22.
Figure 6-23.
Figure 6-24.

Figure 6-25.
Figure 6-26.

Figure 6-27.
Figure 6-28.
Figure 6-29.
Figure 6-30.

Figure 6-31.
Figure 6-32.
Figure 6-33.
Figure 6-34.

Mean October Precipitation Data, Southern Brazilian Highlands &

Parana Plain .......... .. i i i e e 5-82
Spring Tabular Precipitation Data, Southern Brazilian Highlands &
Parana Plain . ....... ... ... i it i et i e 5-83

Spring Tabular Temperature Data, Southern Brazilian Highlands &
Parana Plain ....... ... . . e 5-84
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)
Data (° F) for October, Southern Brazilian Highlands & Parana

Plain .. ... e e e e 5-85
Southern South America . .. ...... ... . it i 6-2
Central Chile ........ ... ... . . i e 6-4
Climatic Station Network, Central Chile ............................. 6-5
Mean Dry-Season Cloud Cover, Central Chile . . ........................ 6-7
Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Central Chile ........ ... . . .. . . it 6-8
Dry-Season Percent Frequencies of Visibility Below 3 Miles, Central Chile . ... 6-9
Mean Dry-Season Wind Speeds, Central Chile ........................ 6-10
January Surface Wind Roses, Central Chile .......................... 6-10
Mean Wind Direction for January Between 3,000 and 10,000 Feet (915

and 3,050 meters) MSL, Central Chile .............................. 6-11
Mean November Precipitation, Central Chile ......................... 6-12
Mean February Precipitation, Central Chile .......................... 6-12
Dry-Season Tabular Precipitation Data, Central Chile ... ............... 6-13
Dry-Season Tabular Temperature Data, Central Chile .................. 6-15
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for February, Central Chile .............................. 6-16
Mean Dry-to-Wet Transition Cloud Cover, Central Chile ................ 6-18
Dry-to-Wet Transition Percent Frequencies of Ceilings Below 3,000

Feet (915 meters),Central Chile . .. . ........... ... ... ... ........... 6-19
Dry-to-Wet Transition Percent Frequencies of Visibility Below 3 Miles,

Central Chile ....... ... i it i iie i 6-20
Mean Dry-to-Wet Transition Wind Speeds, Central Chile . ............... 6-21
April Surface Wind Roses, Central Chile ......................... ... 6-21
Mean Wind Direction for April From 3,000 to 10,000 Feet (915 to 3,050

meters) MSL, Central Chile . ........... ... ... .. . ... 6-22
Mean April Precipitation, Central Chile ............................. 6-23
Dry-to-Wet Transition Tabular Precipitation Data, Central Chile .......... 6-24
Dry-to-Wet Transition Tabular Temperature Data, Central Chile .......... 6-25
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for April, Central Chile ................. .. ... ... ....... 6-26
Mean Wet-Season Cloud Cover, Central Chile ........................ 6-28
Wet-Season Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Central Chile .............. .. ... ... . . ... 6-29
Wet-Season Percent Frequencies of Visibility Below 3 Miles, Central Chile . . . 6-30
Mean Wet-Season Wind Speeds, Central Chile ... ..................... 6-31
July Surface Wind Roses, Central Chile ............................. 6-31
Mean Wind Direction for July Between 3,000 and 10,000 Feet (915 and

3,050 meters) MSL, CentralChile ................................. 6-32
Average June Precipitation, Central Chile ........................... 6-33
Wet-Season Tabular Precipitation Data, Central Chile . ................. 6-34
Wet-Season Tabular Temperature Data, Central Chile . ................. 6-36
Mean Wet-to-Dry Transition Cloud Cover, Central Chile ................ 6-38

Xx




Figure 6-35.
Figure 6-36.

Figure 6-37.
Figure 6-38.
Figure 6-39.

Figure 6-40.
Figure 6-41.
Figure 6-42.
Figure 6-43.

Figure 6-44.
Figure 6-45.
Figure 6-46.
Figure 6-47.

Figure 6-48.
Figure 6-49.
Figure 6-50.
Figure 6-51.

Figure 6-52.
Figure 6-53.
Figure 6-54.
Figure 6-55.

Figure 6-56.
Figure 6-57.

Figure 6-58.

Figure 6-59.
Figure 6-60.
Figure 6-61.
Figure 6-62.
Figure 6-63.
Figure 6-64.

Figure 6-65.
Figure 6-66.

Figure 6-67.
Figure 6-68.
Figure 6-69.
Figure 6-70.
Figure 6-71.
Figure 6-72.
Figure 6-73.
Figure 6-74.

Wet-to-Dry Transition Percent Frequencies of Ceilings Below 3,000

Feet (915 meters), Central Chile . . . ... ... ... ... . .. .. .. . ... .
Wet-to-Dry Transition Percent Frequencies of Visibility Below 3 Miles,

Central Chile . ........... . . . ... . i
Mean Wet-to-Dry Transition Wind Speeds, Central Chile ................
October Surface Wind Roses, Central Chile . .........................
Mean Wind Direction for October Between 3,000 and 10,000 Feet (315

and 3,050 Meters) MSL, Central Chile ..............................
Mean October Precipitation, Central Chile ...........................
Wet-to-Dry Transition Tabular Precipitation Data, Central Chile ..........
Wet-to-Dry Transition Tabular Temperature Data, Central Chile ..........
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for October, Central Chile ...............................
SouthernChile ......... ... . i e
Climatic Station Network, Southern Chile ...........................
Mean Dry-Season Cloud Cover, Southern Chile .......................
Dry-Season Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Southern Chile .......... ... ... ... ... . . ..
Dry-Season Percent Frequencies of Visibility Below 3 Miles, Southern Chile . .
Mean Dry-Season Wind Speeds, Southern Chile . ......................
January Surface Wind Roses, Southern Chile .........................
Mean Monthly Wind Directions for Various Levels at Puerto Montt,

Southern Chile . ........ ... ... i i
Mean February Precipitation, Southern Chile . . ... ....................
Dry-Season Tabular Precipitation Data, Southern Chile ... ..............
Dry-Season Tabular Temperature Data, Southern Chile ... ..............
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for January, SouthernChile . . ... ....... ... ... ... .........
Mean Dry-to-Wet Transition Cloud Cover, Southern Chile ...............
Dry-to-Wet Transition Percent Frequencies of Ceilings Below 3,000

Feet (915 meters), Southern Chile .................................
Dry-to-Wet Transition Percent Frequencies of Visibility Below 3 Miles,

SouthernChile . ........ ... ... i
Mean Dry-to-Wet Transition Wind Speeds, Southern Chile . ..............
April Surface Wind Roses, Southern Chile ...........................
Mean April Precipitation, Southern Chile .. ..........................
Dry-to-Wet Transition Tabular Precipitation Data, Southern Chile .. ..... ..
Dry-to-Wet Transition Tabular Temperature Data, Southern Chile .. .......
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for April, Southern Chile ................................
Mean Wet-Season Cloud Cover, SouthernChile .......................
Wet-Season Percent Frequencies of Ceilings Below 3,000 feet (915

meters), Southern Chile ................ .. ... ... . ... . ... .. . ... ...
Wet-Season Percent Frequencies of Visibility Below 3 Miles, Southern Chile .
Mean Wet-Season Wind Speeds, Southern Chile . ... ...................
July Surface Wind Roses, Southern Chile .. ..........................
Mean July Precipitation, Southern Chile ............... ... ... .......
Wet-Season Tabular Precipitation Data, Southern Chile . .. ..............
Wet-Season Tabular Temperature Data, Southern Chile . ... .............
Mean Wet-to-Dry Transition Cloud Cover, Southern Chile .. .............
Wet-to-Dry Transition Percent Frequencies of Ceilings Below 3,000

Feet (915 meters), Southern Chile ............. ... ... ... . ............

xxi




Figure 6-75.

Figure 6-76.
Figure 6-77.
Figure 6-78.
Figure 6-79.
Figure 6-80.
Figure 6-81.

Figure 6-82.
Figure 6-83.
Figure 6-84.
Figure 6-85.

Figure 6-86.
Figure 6-87.
Figure 6-88.
Figure 6-89.

Figure 6-90.

Figure 6-91.
Figure 6-92.

Figure 6-93.
Figure 6-94.
Figure 6-95.
Figure 6-96.

Figure 6-97,
Figure 6-98.
Figure 6-99,

Figure 6-100.
Figure 6-101.
Figure 6-102.
Figure 6-103.
Figure 6-104.
Figure 6-105.

Figure 6-106.
Figure 6-107.

Figure 6-108.
Figure 6-109.
Figure 6-110.
Figure 6-111.
Figure 6-112.
Figure 6-113.
Figure 6-114.
Figure 6-115.

Figure 6-116.

Wet-to-Dry Transition Percent Frequencies of Visibility Below 3 Miles,

Southern Chile . . . ... .. ... . . e 6-80
Mean Wet-to-Dry Transition Wind Speeds, Southern Chile . . . ......... ... 6-81
October Surface Wind Roses, Southern Chile. ......................... 6-81
Mean November Precipitation, Southern Chile ........................ 6-82
Wet-to-Dry Transition Tabular Precipitation Data, Southern Chile ......... 6-83
Wet-to-Dry Transition Tabular Temperature Data, Southern Chile ......... 6-84
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for October, Southern Chile .............................. 6-85
Climatic Station Network, Patagonia ............................... 6-86
Patagonia ... .. ... ... i e e 6-86
Mean Summer Cloud Cover, Patagonia . ............................. 6-89
Summer Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Patagonia .. ....... ... . ... . .. 6-90
Summer Percent Frequencies of Visibility Below 3 Miles, Patagonia .. ...... 6-91
Mean Summer Wind Speeds, Patagonia ............................. 6-92
January Surface Wind Roses, Patagonia . ............................ 6-92

Mean Monthly Wind Directions for Various Levels at Bahia Blanca,
Gran Chaco
Mean Monthly Wind Directions for Various Levels at Mendoza/El

Plumerillo, Patagonia .. ............. .. .00ttt iiiinannnnnnn 6-93

Mean Monthly Wind Directions for Various Levels at Neuquen, Patagonia ... 6-94
Mean Monthly Wind Directions for Various Levels at Comodoro

Rivadavia, Patagonia ............... ... .. ..ttt uiieennnnnn 6-94
Mean January Precipitation, Patagonia ............................. 6-95
Summer Tabular Precipitation Data, Patagonia ....................... 6-95
Summer Tabular Temperature Data, Patagonia . ...................... 6-96
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for January, Patagonia . . . ...................ciieeun.... 6-97
Mean Fall Cloud Cover, Patagonia ................................. 6-98
Fall Percent Frequencies of Ceilings Below 3,000 Feet (915 meters), Patagonia 6-99
Fall Percent Frequencies of Visibility Below 3 Miles, Patagonia .......... 6-100
Mean Fall Wind Speeds, Patagonia . . .............................. 6-101
April Surface Wind Roses, Patagonia .............................. 6-101
Mean April Precipitation, Patagonia ............................... 6-102
Fall Tabular Precipitation Data, Patagonia . .. ....................... 6-102
Fall Tatular Temperature Data, Patagonia .. ....................... 6-103
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for April, Patagonia ................................... 6-104
Mean Winter Cloud Cover, Patagonia . ............................. 6-105
Winter Percent Frequencies of Ceilings Below 3,000 Feet (915 meters)

MSL, Patagonia . ........uuiiiiitinn i tee et ennennnn 6-106
Winter Percent Frequencies of Visibility Below 3 miles, Patagonia ..... ... 6-107
Mean Winter Wind Speeds, Patagonia ............................. 6-108
July Surface Wind Roses, Patagonia . .............................. 6-108
Mean July Precipitation, Patagonia ............................... 6-109
Winter Tabular Precipitation Data, Patagonia ....................... 6-110
Winter Tabular Temperature Data, Patagonia ....................... 6-111
Mean Spring Cloud Cover, Patagonia .............................. 6-113
Spring Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),

Patagonia . .. ......... .. e e e 6-114
Spring Percent Frequencies of Visibility Below 3 Miles, Patagonia ........ 6-115

xxii




Figure 6-117.
Figure 6-118.
Figure 6-119.
Figure 6-120.
Figure 6-121.
Figure 6-122.

Figure 6-123.
Figure 6-124.
Figure 6-125.
Figure 6-126.

Figure 6-127.
Figure 6-128.
Figure 6-129.
Figure 6-130.
Figure 6-131.
Figure 6-132.
Figure 6-133.
Figure 6-134.

Figure 6-135.
Figure 6-136.
Figure 6-137.
Figure 6-138.
Figure 6-139.
Figure 6-140.
Figure 6-141.
Figure 6-142.

Figure 6-143.
Figure 6-144.
Figure 6-145.

Figure 6-146.
Figure 6-147.
Figure 6-148.
Figure 6-149.
Figure 6-150.
Figure 6-151.
Figure 6-152.

Figure 6-153.
Figure 6-154.
Figure 6-155.
Figure 6-156.
Figure 6-157.
Figure 6-158.

Mean Spring Wind Speeds, Patagonia . ............................ 6-116
October Surface Wind Roses, Patagonia ............................ 6-116
Mean October Precipitation, Patagonia ............................. 6-117
Spring Tabular Precipitation Data, Patagonia . ... ..... ... ........... 6-118
Spring Tabular Temperature Data, Patagonia ....................... 6-119
Mean and Maximum Diurnal Wet-Bulb Globe Temperature (WBGT)

Data (° F) for October, Patagonia ..................... ... .... 6-120
The Southern Islands .. ........... ... .. .. .. . . . .. 6-121
Climatic Station Network, Southern Islands ......................... 6-121
Mean January Cloud Cover, Southern Islands . ...................... 6-124
Summer Percent Frequencies of Ceilings Below 3,000 Feet (915

meters), Southern Islands . . .. ...... ... ... ... .. ... . ... ... . ... ... 6-125
Summer Percent Frequencies of Visibility Below 3 Miles, Southern Islands . 6-125
Mean Summer Wind Speeds, Southern Islands .. ..................... 6-126
January Surface Wind Roses, Southern Islands . ..................... 6-126
Mean January Precipitation, Southern Islands .. .................... . 6-127
Summer Tabular Precipitation Data, Southern Islands . . ............... 6-128
Summer Tabular Temperature Data, Southern Islands . ................ 6-129
Mean April Cloud Cover, SouthernIslands . ......................... 6-130
Fall Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),

SouthernIslands ............ .. ... i i 6-131
Fall Percent Frequencies of Visibility Below 3 Miles, Southern Islands . . . .. 6-132
Mean Fall Wind Speeds, Southern Islands . ......................... 6-133
April Surface Wind Roses, Southern Islands ... ...................... 6-133
Mean April Precipitation, Southern Islands ......................... 6-134
Fall Tabular Precipitation Data, Southern Islands . ................... 6-135
Fall Tabular Temperature Data, Southern Islands .................... 6-136
Mean July Cloud Cover, Southern Islands . ......................... 6-139
Winter Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),

SouthernIslands ............ ... ... .. i, 6-139
Winter Percent Frequencies of Visibility Below 3 Miles, Southern Islands 6-140

Primary and Secondary Low Movement Across the Southern Islands, Winter 6-141
Northward Surge of Transitory Polar Highs Across Southern South

N 11T o 1 6-141
Mean Winter Wind Speeds, SouthernIslands ........................ 6-142
July Surface Wind Roses, Southern Islands ......................... 6-142
Mean July Precipitation, Southern Islands .. ........................ 6-143
Winter Tabular Precipitation Data, Southern Islands .. ................ 6-144
Winter Tabular Temperature Data, Southern Islands . ................. 6-145
Mean October Cloud Cover, Southern Islands ... ... .................. 6-146
Spring Percent Frequencies of Ceilings Below 3,000 Feet (915 meters),

Southern Islands .. ....... ... ... . . . . . . e 6-147
Spring Percent Frequencies of Visibility Below 3 Miles, Southern Islands . . . 6-148
Mean Spring Wind Speeds, SouthernIslands ........................ 6-149
October Surface Wind Roses, SouthernIslands . ...................... 6-149
Mean October Precipitation, Southern Islands . ...................... 6-150
Spring Tabular Precipitation Data, Southern Islands . ................. 6-151
Spring Tabular Temperature Data, SouthernIslands .................. 6-152

xxiii




Chapter 1

INTRODUCTION

AREA OF INTEREST. This study describes the climatology and meteorology of South America
south of the Amazon and Maranon Rivers. As shown in Figure 1-1, the study area is divided into four

major geographical regions:

® Tropical South America covers most of Brazil
and the eastern portions of Peru and Bolivia
south of the Amazon-Maranon River system. It
resumes where The Caribbean Basin study

(USAFETAC/TN-89/003) left off.

® West Central South America extends from 5°
S to 28° S. It includes the Pacific coastline and
most of the Andes Mountains of Peru, Bolivia,
northern Chile, and northern Argentina.

® Subtropical South America includes the
extreme southern portions of Brazil and Bolivia,
as well as all of Uruguay, Paraguay, and
northern Argentina.

® Southern South America includes most of
Chile and Argentina, along with the
Falkland/Malvinas Islands.

West Central

South America{ |

Southern (
South [
America

Figure 1-1. South America and its Four Major Regions.
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STUDY CONTENT. Chapter 2 is a general
discussion of the major meteorological features
that affect South America. These features
include semipermanent climatic controls,
synoptic disturbances, and mesoscale and local
features. Individual treatments of each region in
subsequent chapters do not repeat descriptions
of these features; instead, they discuss specific
effects of these features that are unique to that
region. Therefore, meteorologists using this
study should read and consider the general
discussion in Chapter 2 before trying to
understand or apply individual climatic
discussions in Chapters 3 through 6. This is
particularly important because the study was
designed with two purposes in mind: first, as a
master reference for South America, and second,
as a modular reference to each individual
climatic zone.

Chapters 3 through 6 amplify the general
discussions in Chapter 2 by describing the
geography, climate, and meteorology of the
subregions shown in Figure 1-1. These chapters
provide even more detailed discussions of the
various "climatic zones of commonality" selected
on the basis of their reasonably homogeneous
climatology and meteorology. Note: In the
Andes mountains and in northeast Brazil,
weather and climate are not necessarily
internally homogeneous and are distinctly
different from that of the areas immediately
adjacent. Discussions of "seasons" in each of the
climatic zones are organized in this order:

General Weather
Sky Cover
Visibility

Winds
Precipitation
Thunderstorms
Temperature
Flight hazards
Ground hazards

CLIMATOLOGICAL REGIMES. This study covers
weather phenomena varying frum the tropical
systems over the Amazon to the frontal systems
over the "roaring forties" and "furious fifties" of
southern Chile and Argentina. South America
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extends so far from north to south that it crosses
three weather regimes (tropical, subtropical, and
mid-latitude) and is affected by still a
fourth--sub-Antarctic. The Andes mountains are
a formidable barrier to wind flow; they influence
the weather of the entire continent.

Each of the climatic zones is discussed by
season. The traditional four seasons of the
mid-latitudes are found in some of the zones, but
others, especially in the tropics, have "wet" and
"dry" seasons. These terms are relative; they
refer simply to a change in the amount of
precipitation received. This means that the
"wet" season of a desert zone may have less
precipitation than the "dry" season over the
Amazon jungle. Note that since we are below
the Equator, cyclonic circulations are clockwise,
and anticyclones are counterclockwise.

CONVENTIONS. The spellings of place names
and geographical features are those used by the
United States Defense Mapping Agency's
Aerospace Center (DMAAC). Distances are in
nautical miles, except for visibilities, which are
in statute miles. Elevations are in feet with a
meter or kilometer value immediately following.
Temperatures are in degrees Fahrenheit with a
Celsius conversion (°C) following. Wind speeds
are in knots. Precipitation amounts are in
inches, with a millimeter (mm) conversion
following. Most synoptic charts are given in
Greenwich Mean Time (GMT or Z). When
synoptic charts are not provided, only local
standard time (L) is used. Cloud bases and
ceilings are above ground level (AGL); tops are
above mean sea leve] (MSL). Note, however,
that since cloud bases are generalized over large
areas, readers must consider terrain in all
discussions of cloud bases in and around the
mountains. For example, the AGL cloud bases
in Chapter 3's discussions of the Andes
Mountains are generally representative of valley
reporting stations; readers should assume that
stations at higher elevations might be obscured
by those reported cloud layers. To help alleviate
confusion in discussions of mountain weather,
some cloud bases are given as MSL, rather than
AGL.




DATA SOURCES. Most of the information used
in preparing this study came from two sources,
both within the United States Air Force
Environmental Technical Applications Center
(USAFETAC). Studies, books, atlases, and so on
were supplied by the Air Weather Service
Technical Library (AWSTL), the only dedicated
atmospheric sciences library in the Department
of Defense and the largest such library in the
United States.

Climatological data came direct from the Air
Force's Climatic Database at Asheville, NC, or
through Operating Location A, USAFETAC--the
division of USAFETAC responsible for
maintaining and managing the database.

1-3

RELATED REFERENCES. This study, while
more than ordinarily comprehensive, is certainly
not the only source of meteorological and
climatological information for the military
meteorologist concerned with South America.
USAFETAC/TN-89/003, The Caribbean Basin,
should be consulted for coverage of South

America north of the Amazon River.
USAFETAC/DS-90/032, Station Climatic
Summaries--Latin America, provides

summarized meteorological observational data
for several major airports in the study area.
Staff weather officers and forecasters are urged
to contact the AWSTL for more data on the
study area.




Chapter 2

MAJOR METEOROLOGICAL FEATURES OF SOUTH AMERICA

The "major meteorological features” of South America south of the Amazon are listed below and are
described in this chapter. These features affect the weather and climate of South America the
year-round or in certain seasons. The same features are discussed more specifically in subsequent
chapters as they relate to individual regions and zones.

Semipermanent Climatic Controls

Sea Surface Conditions ... .. ... vti ittt 2-2
Surface CUITENLS . . . .o i it et et e e e e e 2-2
Sea Surface Temperatures (SSTS) ... ..ot v ittt 2-3
Bea 10 . i e e e e e e e e 2-5

South Pacific High . ............. i 2-6

South Atlantic (St Helena) High . ............. .. ... .. .. ... ... ... ... .... 2-8

The Near Equatorial Trough (Net) . ........ ... . . i .. 2-9
Seasonal NET Positions . . ... ...ttt ettt it ee e 2-9

Amazonian Low ... ... L. 2-14

Northwest Argentine Depression (NAD) .......... ... .. . ... ... . ... 2-15

Mid- and Upper-Level Flow Patterns . . ... ........ ... ... . ... 2-16

Southern Hemisphere Jet Streams .. ........... ... ... .. ... ... 2-26
Polar Jet Stream (PJ) . .. ... it 2-26
Subtropical Jet Stream (STJ) . . ... ... ... e 2-26
Low-Level Jets . ... ... i ittt 2-28

Bolivian High (Upper-Level) . ... ... ... . i i 2-29

Subtropical Ridge (Upper-Level) .................. ... ... . .. . ... 2-29

Western South Atlantic Trough . . ... ... ... ... ... . ... .. 2-29

Trade-Wind Inversion . ... ... . e e 2-32

Tropical Convergence Zone (TCZ) .. ...... ..oy 2-32

Southern Oscillation (El Nifio, La Nifia) ............. ... ... . .. ... .. ... 2-32

Synoptic Disturbances

Extratropical Cyclone Activity . . . ... ... .. 2-37
Satellite Models . . . ...t e 2-37
Storm TacKkS . ..ottt e e 2-38
CyClogenesiS - oo v vt e e 2-39
Summer Seasonal Analysis (December-February) . . ............. ... ... ... 2-48
Fall Seasonal Analysis March-May) ............ ... . ... ... . ... ...... 2-53
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SEA SURFACE CONDITIONS

Surface Currents. Figure 2-1 shows the location
and direction of ocean currents near South
America. These currents play a major role in
the weather of the continent. Warm waters help

to enhance cyclogenesis and thunderstorm
development, while cold water is a stabilizing
influence that generally produces more of a
stratiform cloud along the coasts.

=20

=30

=40

50

Figure 2-1. Ocean Currents Near South America. The arrows show the normal direction of the ocean
currents. The text below gives average speeds for individual currents. Abbreviations are: Br - Brazil
Current, Ch - Cape Horn Current, Fa - Falkland Current, Hu - Humboldt (or Peru) Current, Se -
South Equatorial Currents, Ww - West Wind Drift (or Antarctic Circumpolar Current).

The West Wind Drift (or Antarctic Circumpolar
Current) feeds the three cold currents that affect
South America. It flows uninterrupted from
west to east around the entire globe between
Antarctica and the Southern Hemisphere land
masses. Average speeds vary from 0.1 to 0.5
knots.

The cold Humboldt Current (or Peru Current)
flows northward along the coast of Chile before
turning westward along the Peruvian coast.
Since the flow is away from the Peru coast, there
is an upwelling of colder, subsurface water.

Average speeds are 0.2 knots.
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The cold Cape Horn Current, actually just a
part of the West Wind Drift, flows through
Drake Passage with average speeds from 0.2 to
0.5 knots. The rold Falkland Current flows
north from the Cape Horn Current along the
coast of Argentina, normally to the Rio de la
Plata at 35° S. Average speed is 0.2 knots.

The Brazil Current is the only warm current.
Its source, the South Atlantic Equatorial
Current, has undergone substantial warming
while crossing the tropical Atlantic. The Brazil
Current flows down the Brazilian coast until
meeting the Falkland Current. Average speeds
vary from 0.2 to 0.5 knots.




Sea Surface Temperatures (SSTs). Figures
2-2a-d show mean SSTs for the waters bordering
South America. Temperatures in the tropical
waters off the coast of Brazil vary only 1-2° F
throughout the year because of the year-round
presence of the Brazil Current. The changing
seasons have a greater effect on cold-current
temperatures. The largest change is evident in
the Falkland Current off the coast of Argentina.
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The average temperature just south of the Rio de
la Plata is 15° F (8° C) lower in winter than in
summer. The Falkland Current produces a
strong temperature gradient and a northward
bulge in the isotherms the year-round. The
Humboldt Current also remains cold year-round.
Seasonal changes are not as strong; the average
temperature change is only about 8° F (4° C).
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Figure 2-2a. Mean January Sea-Surface Temperatures.
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Figure 2-2c. Mean July Sea-Surface Temperatures.
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Figure 2-2d. Mean October Sea-Surface Temperatures.

Sea Ice. Figure 2-3 shows the average northern
limits of pack ice at the end of summer (March)
and the end of winter (September). March and
September mark the minimum and maximum
average extents of the ice pack. The northern
limit of drifting icebergs is also shown in Figure
2-3.

The presence of sea ice is a hazard to shipping
as well as an influence on the development of
extratropical cyclones. Cyclogenesis is favored
on the sea side of the sea-ice margin but
discouraged over the sea ice since the air is
stabler and drier than over the open ocean (see
Extratropical Cyclone Activity).

Figure 2-3.
Hemisphere,

Ice Limits in the Southern

limit of
iceberg
drift

2-5

\
Ay

%

southern,—'!
50° limit of pack ice
Margh’)

60°

—

northern
limit of

4 pack ice

y (Ssptember)
TR

604

50%

&

40%, -
W 180° E

-




SEMIPERMANENT CLIMATIC CONTROLS

SOUTH PACIFIC HIGH. This semipermanent
high-pressure cell is well-defined over the
eastern South Pacific because the Andes
Mountains block its eastward movement. Mean
central pressures range from 1021 mb in April to
1026 mb in October. The divergent outflow has
a major influence on the coastal regions of Peru
and Chile. Between 10 and 30° S, surface flow
is predominantly southerly or southwesterly.
Between 30 and 45° S, surface outflow is turned
poleward in the winter and equatorward in the
summer. South of 45° S, the Andes no longer

110

significantly deflect low-level flow, and winds
vary from northwesterly to southwesterly.
Significant weakening of the South Pacific High
in the winter allows frontal activity northward
to 25-30° S between April and October. Figures
2-4a-d show mean sea-level pressures for
January, April, July, and October. Flow from
the South Pacific High over the cold Humboldt
Current produces advection fog along the coast.
The High slopes toward the Equator with height
and produces a subsidence layer/inversion that
penetrates to the western Andean foothills.
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Figure 2-4a. Mean Sea-Level Pressure for January.
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Figure 2-4b. Mean Sea-Level Pressure for April.

Figure 2-4c. Mean Sea-Level Pressure for July.
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Figure 2-4d. Mean Sea-Level Pressure for October.

SOUTH ATLANTIC (ST HELENA) HIGH. Figures
2-4a-d also show the South Atlantic High's mean
positions and sea-level pressures for January,
April, July, and October. Mean pressure ranges
from 1018 mb in March to 10256 mb in
September. The cell migrates northwestward
from 32° S, 8° W in summer to 26° S, 12° W in
winter. Its counterclockwise circulation (we're in
the Southern Hemisphere, remember?) produces
a southeasterly outflow that dominates the
Southern Atlantic basin from the equator to 20°
S. Outflow becomes northwesterly by 35° S.
Surface wind speeds average 12-14 knots to the
high's north and west. Wind speeds
progressively increase south of the high,
reaching a mean of 25 knots along mid-latitude

storm tracks. In winter, the South Atlantic High
ridges over the Amazon basin, occasionally
separating and forming a second center in
Brazil, perhaps in response to extratropical
disturbances. When separating, low-level
convergence occurs between the two centers,
potential for cloudiness and precipitation along
the Brazilian coast between 10 and 25° S is
increased. Intensified ridging east of the
Falkland/Malvinas Islands is not uncommon
between April and October. On rare occasions,
the South Atlantic High may ridge into the
Weddell Sea from 55 to 60° S. The South
Atlantic High slopes westward and equatorward
with height, becoming part of the Subtropical
Ridge in the upper troposphere.
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THE NEAR EQUATORIAL TROUGH (NET). The
NET, also called the "Intertropical Convergence
Zone" (ITCZ) or the "Meteorological Equator,"
results from the convergence of the northern and
Southern Hemisphere trade winds. "Trade-Wind
Trough" and "Monsoon Trough" are common
terms that pertain to specific forms of the NET.
Trade-wind troughs occur with confluence
between northeasterly flow in the Northern
Hemisphere and southeasterly flow in the
Southern Hemisphere from the subtropical
highs. Most associated cloudiness occurs along
the axis of confluence. Monsoon troughs are
characterized by a directional shear zone that
has westerlies on the equatorward side and
easterlies on the poleward side. Most associated
cloudiness occurs equatorward of the NET.

The NET forms where the trade winds from the
North Atlantic High meet trade winds from the
South Pacific and South Atlantic Highs. During
most of the year, the Pacific segment (a Monsoon
Trough from April through November and a
Trade-Wind Trough from December through
March) is separated from the continental
segment by the Andes Mountains. A
Trade-Wind Trough develops over South
America, but terrain makes it difficult to locate.
The continental segment moves north and south
more readily than the oceanic segments during
transition seasons because the land mass heats
and cools faster than the oceans. Southward
continental surges from the Northern
Hemisphere often cause the continental segment
to separate from the Atlantic Trade-Wind
Trough by early summer. These surges, with
vertical structures similar to mid-latitude warm
fronts, are most important to this area from
October through February. They can be
preceded by high- and mid-level cloudiness and
followed by extensive low cloudiness and
precipitation. Thunderstorms are common.

The entire NET is affected by short-term,
north-south oscillations that occur most often in
January and February and in July through
September. These oscillations are caused by
synoptic and mesoscale low-pressure
disturbances intersecting with, or passing near,
the NET. Such disturbances include
Extratropical Cyclones, Low-Latitude Upper-
Tropospheric Cyclonic Vortices, Trade-Wind

SEMIPERMANENT CLIMATIC CONTROLS

Surges, Sea-Breeze Fronts, and the Tropical
Convergence Zone, all of which are discussed in
subsequent sections. Surface low-pressure areas
normally draw the NET toward them. Cold
fronts initially pull it toward them before driving
it away with the cold surge behind.

Most convection occurs where the NET interacts
with synoptic and mesoscale disturbances, old
thunderstorm and 3quall line outflow
boundaries, and topography. Cirrus "blow-off"
from convective clusters often merges to give a
solid appearance in satellite imagery. Diurnally,
the NET is more active over land during
afternoons and evenings, and more active over
water during nights and mornings.

Seasonal NET Positions:

Summer (December-January). The NET's
Pacific segment reaches its Southernmost
position between 2 and 5° N. Extreme southerly
positions to 5° S can occur during El Nino years
(see Southern Oscillation). The continental
segment is now separated from, and moving
independently of, both oceanic segments,
extending east-northeast from the eastern
Andean slopes near 10° S to about 5° S, 50° W.
The Atlantic segment's mean position is between
2 and 6° N. Since this segment remains in the
Northern Hemisphere or near the equator, the
study area is not affected by hurricanes. Figure
2-5a shows monthly summer positions of the
Near Equatorial Trough.

Fall (March-May). The Pacific segment moves
northward in response to the return of strong
cross-equatorial flow from the northward-moving
South Pacific High. The continental segment
also moves north, assisted by increasing
Sout!.ern Hemisphere polar outbreaks. The
Trade-Wind Trough over the Atlantic, however,
reaches its Southernmost position in early fall
since the ocean does not begin cooling before
April. Near the coast, its mean position is
between 2° N and 3° S before moving northward
in May to a mean position between 2 and 4° N.
The continental and Atlantic portions of the
NET normally remain connected after April.
NET location is very important to northeast
Brazil. Extreme southerly positions have caused
abnormally wet conditions, while positions north
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of average have produced droughts. Extreme
southerly positions often occur when the NET
moves toward approaching Southern Hemisphere
cold fronts. Frontal invasions not only act to
attract the NET, but can also weaken the South
Atlantic High's southeasterly trade winds.
Warming of equatorial South Atlantic water also
produces trough positions farther south than
normal. More northerly positions are produced
by an unusually strong South Atlantic High
and/or unusually warm North Atlantic waters.
The period of anomalous "anchoring" of the
trough and subsequent droughts in the northeast
varies from 2 to 10 years, but averages 4.
Brazilian (and some American) meteorologists
believe that trade-wind surges along the north
side of the trough recurve as cross-equatorial
flow. According to this theory, they become
northwesterlies, and eventually drive the NET
southward into eastern Brazil during March and
April. Figure 2-5b shows mean fall NET
positions.

Winter (June-August). The NET normally
remains outside the study area in winter. The
Pacific portion parallels the Pacific coast of
Central America. Strong equatorial
southwesterlies in the eastern Pacific can, in
extreme cases, drive the NET north to about 15°
N. The continental portion can be difficult to
locate due to the rugged terrain in northern
South America. The South Atlantic portion
extends from the South American coast to
30° W--the mean position is near 10° N. Figure
2-5¢ shows mean NET winter positions.

Spring (September-November). The South
Pacific High moves southwestward, causing the
eastern Pacific NET to begin moving southward.
Over South America, a combination of weaker
flow from the South Atlantic, repeated Northern
Hemisphere polar surges, and the southward
movement of the Sun drives the NET southward
into the interior of South America. The Atlantic
portion moves southward in response to the solar
cycle and associated southward movement of the
North and South Atlantic Highs. Figure 2-5d
shows mean NET spring positions.

Atlantic
Ocean

Figure 2-5a. Mean NET Positions for December, January, and February.
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Figure 2-5c. Mean NET Positions for June, July, and August. Dashed lines show two possible mean
June positions. Mountainous terrain in northern South America breaks up the NET and makes the
mean position variable.
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Figure 2-5d. Mean NET Positions for September, October, and November. Dashed lines show two
possible mean October positions. Mountainous terrain in northern South America breaks up the NET
. and makes the mean position variable.
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The NET is the primary source of convection.
Figures 2-6a-d show NET positions and the
"zone of significant convection." "Significant"
convection is the result of an average of at least
two organized convective systems at least 200
km in size occurring during the month. These
systems are cloud clusters (individual cells

embedded in a common cirrostratus canopy)
responsible for most of the rainfall received.
Satellite cloud composites were in good
agreement with zones of significant convection.
The number of occurrences increases toward the
center of each area. Monthly and yearly
variability is greatest on the edges.
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Figure 2-6a. Mean January Position of the NET and Associated Convection. Dashed lines show
NET position; solid lines are boundaries of convection. Convection has reached its Southernmost

location.
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Figure 2-8b. Mean April Position of the NET and Associated Convection. Dashed lines show NET
position; solid lines are boundaries of convection. Development of convection is shifting northward.
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Figure 2-6c. Mean July Position of the NET and Associated Convection. Dashed lines show NET
position; solid lines are boundaries of convection. Convection is north of the entire region.

|

Figure 2-6d. Mean October Position of the NET and Associated Convection. Dashed lines show
NET position; solid lines are boundaries of convection. Development of convection is shifting
southward. The convection across southeast Brazil is initiated by Southern Hemisphere frontal

‘ boundaries moving into the area.
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THE AMAZONIAN LOW is a semipermanent
feature of the Amazon Basin that enhances
convection. Figures 2-7a and b show mean
positions of the Amazonian Low and its
relationship to the NET, as well as mean
low-level flow during January and July. The

primary cause of the Amazonian Low appears to
be latent heat of condensation. A possible
contributor is low-level easterly and
northeasterly flow that is channeled north along
the eastern Andean slopes to create cyclonic
circulation.

Caribbe'arl Sea
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Figure 2-7a. Mean Amazonian Low and NET Positions (bold lines) for January. The low is at its
Southernmost position; surface pressures average 1008 mb.
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Figure 2-7b. Mean Amazonian Low and NET Positions (bold lines) for July. Surface pressures range

from 1011 to 1015 mb.

2-14




THE NORTHWEST ARGENTINE DEPRESSION
(NAD) is a semipermanent low-pressure area
formed by topography and intensive surface
heating. The Andes Mountains block zonal wind
flow at low levels and allow advection of hot air
from the northwest. Low-level flow is channelled
between the Andes lee side and the foothills to
the east, further enhancing the hot air
advection. The NAD's center is generally found
east of the Andes at about 27° S, 66° W over

SEMIPERMANENT CLIMATIC CONTROLS

relatively high and dry terrain. Figure 2-8
shows the mean summer position. The NAD is
intense and persistent in summer with central
pressures as low as 980 mb. It normally extends
up to 850-700 mb. During winter, the NAD
behaves like a lee-side trough. Its circulation
enhances the easterly flow of warm, moist, and
unstable air from the South Atlantic onto the
continent as far west as the Andes.
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Figure 2-8. Atmospheric Pressure at Sea Level Shows NAD During Southern Hemisphere

Summer (from Schwerdtfeger, 1976).

The Zonda (a warm, dry, downslope wind similar
to a foehn or chinook) may contribute to NAD
intensification. The Zonda usually develops
between May and November in western
Argentina (centered on Mendoza at 33° S, 69°
W) with a warm, dry air mass. It is preceded by
an approaching trough or cyclone from the west
that creates orographic lift on the western slopes

of the Andes. Air flows over and down the
eastern slopes with local terrain funneling it into
valleys. Temperatures can rise quickly due to
adiabatic warming. Maximum speeds are found
between 800 and 850 mb. Surface wind speeds
frequently exceed 30 knots; 110-knot winds
have occurred in the high mountain ranges to
the west of Mendoza.
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streamline flow for January, April, July, and October at 850 mb, 700 mb, 500 mb, 300 mb , and 200
mb. The 850-mb, 700-mb, and 500-mb levels are derived from the Surface Analysis Data Set Network
(SADS). The 300-mb and 200-mb levels are from Sadler (1975).

MID- AND UPPER-LEVEL FLOW PATTERNS. Figures 2-9 through 2-12 show South American .

Figure 2-9a. Mean January Upper-Air Flow Patterns, 850 mb. Shaded area shows terrain in
the Andes above 5,000 feet (1,525 meters).
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Figure 2-9b. Mean January Upper-Air Flow Patterns, 700 mb. Shaded area shows terrain over

10,000 feet (3,050 meters).
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Figure 2-9c. Mean January Upper-Air Flow Patterns, 500 mb. Shaded area shows terrain over

18,000 feet (5,490 meters).
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Figure 2-9e. Mean January Upper-Air Flow Patterns, 200 mb.
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Figure 2-10a. Mean April Upper-Air Flow Patterns, 850 mb. Shaded area shows terrain in the
Andes above 5,000 feet (1,525 meters).
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Figure 2-10b. Mean April Upper-Air Flow Patterns, 700 mb. Shaded area shows terrain over
‘ 10,000 feet (3,050 meters).
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Figure 2-10c. Mean April Upper-Air Flow Patterns, 500 mb. Shaded area shows terrain over
18,000 feet (5,490 meters).

Figure 2-10d. Mean April Upper-Air Flow Patterns, 300 mb.
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Figure 2-11a. Mean July Upper-Air Flow Patterns, 850 mb. Shaded area shows terrain in the
. Andes above 5,000 feet (1,525 meters).
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Figure 2-11b. Mean July Upper-Air Flow Patterns, 700 mb. Shaded area shows terrain over

10,000 feet (3,050 meters).
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Figure 2-11¢c. Mean July Upper-Air Flow Patterns, 500 mb. Shaded area shows terrain over

18,000 feet (5,490 meters).
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‘ Figure 2-11e. Mean July Upper-Air Flow Patterns, 200 mb.
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Figure 2-12a. Mean October Upper-Air Flow Patterns, 850 mb. Shaded area shows terrain
in the Andes above 5,000 feet (1,525 meters).

Figure 2-12b. Mean October Upper-Air Flow Patterns, 700 mb. Shaded area shows terrain
over 10,000 feet (3,050 meters).
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Figure 2-12¢c. Mean October Upper-Air Flow Patterns, 500 mb. Shaded area shows terrain

over 18,000 feet (5,490 meters).
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Figure 2-12d. Mean October Upper-Air Flow Patterns, 300 mb.
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Figure 2-12e. Mean October Upper-Air Flow Patterns, 200 mb.

SOUTHERN HEMISPHERE JET STREAMS.

Polar Jet Stream (PJ). There is about a 10-
degree latitude change in the mean position of
the PJ from summer to winter. It is generally
found frum 48 to 52° S during January and near
40° S in July (see Figures 2-13a and b). Winter
300-mb jet core wind speeds normally range
from 90 to 130 knots, with peak speeds up to 170
knots. Mean trough and ridge positions are
controlled by thermal rather than orographic
influences. In late winter and early spring, a
strong blocking ridge can develop near 50-60° S
east of the continent, forcing the jet around it
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to the south. Blocking ridges rarely develop
west of Chile.

Subtropical Jet Stream (STJ). The main flow of
these upper-level westerlies passes over the
Andes near 200 mb from 35 to 40° S--see Figures
2-13a and b. Speeds average 100 knots, but can
reach 180 knots in winter. A branch of the STJ
flows over the Bolivian Andes around 23° S,
providing outflow for the development of
thunderstorms (see the Bolivian High).
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Figure 2-13a. Mean Summer (January) Positions of the Polar and Subtropical
Jets Over South America.
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Figure 2-13b. Mean Winter (July) Positions of the Polar and Subtropical Jets
Over South America.
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Low-Level Jets are present on both sides of the
Andes. Innorthern and central Chile, the Andes
block westerly flow and create a low-level jet
known as a "barrier wind" below the peaks on
the windward (Pacific) side. This jet is generally
centered between 10,000 and 13,000 feet (3,000
and 3,900 meters). Winds have been recorded at
30 knots, but reporting stations are scarce.
Barrier winds in North America's Rocky
Mountains have been measured at 60 knots.
Figure 2-14 shows the vertical profile of a
barrier wind across central Chile at night. It
parallels the mountain range from the
north-northwest. The resulting wind shear can

create moderate to severe turbulence. Winds
aloft must be southwesterlv to westerly
(perpendicular to the Andcs) in order to to create
a barrier wind; this can happen with a warm
ridge to the west. The air is stable and resists
being forced up over the Andes, creating a region
of higher pressure belc.. the peaks. The barrier
wind is the outflow from this area of high
pressure. It disappears when the warm ridge
aloft is displaced to the east. The barrier wind
is not believed to occur in other regions of South
America as the winds aloft are not favorable or
the mountains are too low.

«SW

Figure 2-14. Barrier Wind. This horizontal cross section (from west to east) shows wind
direction and speed (knots) of a barrier wind over central Chile.

Terrain along the coast of Peru can produce a
low-level jet near the surface. Where Peru's
coast turns to the northwest, low-level southerly
flow converges against the Andes. Subsidence
aloft prevents this air from rising, leading to
funneling. Winds are southerly or southeasterly
at speeds of 40 knots or more; speeds are
highest in the early afternoon near the surface.

East of the Andes, a nocturnal low-level jet
forms near 10° S, 65° W, but it can be found as
far south as 30° S. It is created through a
combination of topography and the South
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Atlantic High. Adiabatically warm dry air
drains from the Andes out over the adjacent
plain. Flow about the South Atlantic ligh
penetrates as far as 65° W where it converges
with the air from the Andes. At night, this
convergence is intensified by a radiation
inversion. A frontal or subsidence inversion may
also be located over the area, producing a
northwesterly low-level jet along the castern
slopes of the Andes at about 1,500 feet AGL that
reaches speeds of 50 knots. This low-level jet is
an important factor in producing nocturnal
convection.




BOLIVIAN HIGH (Upper-Level). The Bolivian
High is generated through a combination of
heating over the Andes Mountains/Bolivian
Ai.iplano and the latent heat of condensation
released by intense convection over the western
Amazon basin. It forms in December and
remains a major feature through March. It
normally loses its support in early April as the
NET moves back to the north. Streamlines
identify the 200-mb center at roughly 13° S,
68° W (see Figure 2-15a). Note that the high
slopes to the north from the surface of the
Altiplano. Winds are generally light (5-10 knots
at 200 mb) in the center, picking up to around
30 knots on the periphery. Wind speeds are
higher to the south of the high due to the
presence of the Subtropical Jet. The Bolivian
High and the STJ provide good venting for
thunderstorm development.

The Bolivian High is a thermal anticyclone with
a warm core. The intense heating of the
Altiplano by solar radiation is greatest before
noon when cloudiness is least. The Bolivian

High is the sole source for upper-level easterlies
south of the Amazon in northern Bolivia,
western Brazil, and eastern Peru. There is some
evidencc that the high gets larger and expands
into the eastern Pacific in El Nifno years (see
Southern Oscillation).

SEMIPERMANENT CLIMATIC CONTROLS

SUBTROPICAL RIDGE (Upper-Level). This
feature is the division between upper-level
westerly and easterly flow. The Subtropical
Ridge provides wupper-level outflow for
convection, especially in the western Amazon
Basin. It moves north-south with the sun and
the NET and merges with the Bolivian High
during the summer (see Figure 2-15a). Other
positions during the year are shown in Figures
2-15b, ¢, and d. Downward from 200 mb, the
Subtropical Ridge slopes toward the south, away
from the equator.

WESTERN SOUTH ATLANTIC TROUGH. This is
an upper-level trough extending from the central
South Atlantic into northern Brazil (see Figure
2-15a). From November to March it splits the
Subtropical Ridge into two parts--one over South
America, the other over Africa. Flow between
the trough and the Bolivian High contributes to
precipitation in the tropics by bringing surface
and upper-level disturbances into the area. The
trougn itself acts as an area of upper-level
cyclogenesis in the tropics (see Low-Latitude
Upper-Level Cyclonic Vortices). Upper-level
cyclones typically weaken the trough, disrupting
normal flow patterns.




SEMIPERMANENT CLIMATIC CONTROLS

- 30
| SR

ﬁ

Figure 2-15a. Bolivian High, Subtropical Ridge, and Western South Atlantic Trough at 200 mb in
January. The Bolivian High is marked as an anticyclone (A) in this streamline analysis. The Western
South Atlantic Trough (dashed line) is also referred to as the Tropical Upper-Tropospheric Trough

(TUTTD).
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Figure 2-15b. Subtropical Ridge at 200 mb in April.
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Figure 2-15¢c. Subtropical Ridge at 200 mb in July. Large dots are used to mark the ridge axis, a
buffer zone over the Equator.

‘ Figure 2-15d. Subtropical Ridge at 200 mb in October.
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TRADE-WIND INVERSION. Subsidence from the
South Atlantic High forms this mid-level
inversion that suppresses South American
tropical cloudiness and precipitation except
where convergence lines and upslope flow are
strong enough to penetrate it. It is strongest in
winter, dominating northern and eastern Bolivia
and nearly all of Brazil. In spring, the South
Atlantic High moves southeast and the inversion
weakens and recedes eastward. In summer, the
inversion appears to affect only northeast Brazil.

Radiosonde data is too scarce for an accurate
assessment of the inversion's mean height,
thickness, strength, and area of coverage, but
available information indicates that mean base
height during winter ranges from 5,000 feet
(1,520 meters) MSL in eastern Brazil to
10,000-12,000 feet (3,050-3,660 meters) MSL in
western Brazil and Bolivia. During summer,
mean base heights are 5,000 feet (1,524 meters)
MSL on Brazil's east coast, rising and
dissipating west of 45° W and south of 20° S.

THE TROPICAL CONVERGENCE ZONE (TC2),
also referred to as a "Tropical Convergence
Trough" by some American meteorologists,
normally forms between 10 and 25° S, and from
45 to 55° W. The convergence generally occurs
between 700 and 500 mb, where northerly flow
over Brazil meets the mid-latitude westerlies.
The TCZ develops during Southern Hemisphere
spring and summer. It oscillates from east to
west and seldom dissipates. The northern edge
of the convergence zone occasionally interacts
with the NET during February and March.
Cloudiness and precipitation associated with the
TCZ are extensive. Cloud types are altostratus,
nimbostratus, cirrostratus, and embedded
cumulonimbus.  Associated activity can be
enhanced by migratory disturbances.

SOUTHERN OSCILLATION (El Nifio, La Nifia).
The term "Southern Oscillation" originally
referred to a sequence in which higher and lower
pressure alternated between the tropical waters
of the Indian and Pacific Oceans. The Southern
Oscillation now, however, is known to be a
complex, global atmospheric/oceanic
phenomenon. This discussion is limited to the
synoptic features and conditions that affect
South America. The Southern Oscillation, as it
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affects South America, is made up of two phases:
a warm "E]l Nino" and a cold "La Nina," with
short transitions between the two. The time to
complete one cycle is irregular, varying between
2 and 10 years and averaging 3. The transition
between El Niho and La Niha normally takes a
few months, the time needed for a change to
occur in the wind field and the ocean currents of
the eastern Pacific. The changes in the wind
field for El Nino and La Nina are examined
using the Walker Circulation, a series of cells
depicting the global east-west air-flow pattern in
the tropics. The rest of this section covers the
synoptic situations associated with the La Nina
and El Nino, the effects the El Nino phase has
on South American regional weather, and a
listing of some techniques used to forecast their
onset.

The La Nina phase of the Southern Oscillation
sees high surface pressure over the tropical
eastern Pacific and low surface pressure over
Indonesia. The top section of Figure 2-16 shows
the Walker Circulation for the La Niha with
ascending air forming convection over Indonesia,
upper-level westerlies across the Pacific,
descending air in the eastern Pacific, and
low-level easterly trade winds. These low-level
easterly trade winds are strong and persistent
enough to push the warm surface waters
westward via the South Equatorial Current
across the Pacific, actually raising the sea level
near Indonesia by 16 inches (40 ¢cm). Water
flowing away from the Peruvian coast is replaced
by an upwelling of cold, subsurface waters.
Descending air in the eastern Pacific, combined
with the cold sea-surface temperatures, lead to
stable conditions along the coast of Peru that
cause the NET to remain in the Northern
Hemisphere during summer.

The El Nino phase of the Southern Oscillation
(often referred to as an ENSO event) sees high
surface pressure over Indonesia and low surface
pressure over the eastern Pacific. The bottom of
Figure 2-16 shows the Walker Circulation to
consist of descending air over Indonesia,
low-level westerlies across the Pacific, ascending
air forming convection in the eastern Pacific, and
a return flow of upper-level easterlies. This
reversal in the flow pattern creates changes in
the weather affecting South America.
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Figure 2-16. Walker Circulations During La Niia (top) and A Stror j El Nifio (bottom).

The shift to low-level westerly winds modifies
the ocean currents. Figure 2-17 shows the
direction of movement of the ocean currents
during an El Nifio phase. The South Equatorial
Current is significantly weakened and warm
water is brought in by the counter current. A
deep, warm ocean layer builds in the eastern
Pacific. Figure 2-18 shows sea-surface
temperatures in November 1982 during a strong
ENSO event (ENSO events are categorized as

being "strong,” "moderate,” "weak," or "very
weak"). Figure 2-19 shows the mean sea-surface
temperatures in November for comparison. The
low-level westerlies normally don't reach all the
way to the Peruvian coast. Southeasterly winds
from the South Pacific High still flow
northwestward along the coast, but don't extend
very far offshore. These meteorological and
oceanic changes move the NET into the Southern
Hemisphere at around 5° S.
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Figure 2-17. Eastern Pacific Currents During A Strong El Nifo.
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Figure 2-18. Sea-Surface Temperatures (° F) for November 1982 El Niflo. Temperatures across the
eastern and central Pacific average 5° F higher than normal.
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Figure 2-19. Mean Sea Surface Temperatures (° F) for November.

At 200 mb, anticyclones form at about 15° N,
140° W and 15° S, 140° W, enhancing the
easterly winds and the outflow for the NET. The
upper-level Bolivian High (which see) is believed
to move from its normal position out over the
Pacific, providing outflow for the NET. In
addition, the subtropical jet over the Southern
mid-latitudes intensifies.

The El Nifo phase has an average length of 18
months. It begins in December or January in
the eastern Pacific (hence the term El Nino, "The
Child"). The modified wind field normally
changes the ocean currents by March or April.
Some weather effects are felt during the winter
(June-August), primarily in the mid-latitudes.
El Nino reaches peak intensity during the
following summer (December-February) when
the NET is most likely to move into the
Southern Hemisphere.

Weather changes during an El Nifio can cause
torrential rains and floods in northern Peru,
abnormal rainfall in the desert regions of
southern Peru and northern Chile, droughts over
sections of northeast Brazil, less snow than
normal in the central Andes from 5 to 20° S,
more snow than normal in the Andes from 20 to

45° S, and more rainfall than normal over
southern Brazil, northern Argentina. and
Uruguay. These El Nifo effects will now be
examined in more detail.

The movement of the NET into the Southern
Hemisphere in the summer brings a great deal
of rain to the desert regions of northern Peru.
In March 1925, for example, Trujillo (8° S, 70°
W) got 15.5 inches (394 mm), compared to the
0.7 inches (18 mm) it had received during the
previous 5 years. The heavy rainfall normally
doesn't reach as far south as Lima (12° S, 78°
W), but increased precipitation and flash
flooding is still a problem because of the
mountains and lack of vegetation.

The central Andes between 5 and 20° S, along
with sections of northeast Brazil, actually see a
decrease in precipitation. Thunderstorm activity
over the coast of Peru apparently causes or
enhances descending air over these regions, as
shown in Figure 2-20. For northeast Brazil,
however, other factors such as sea-surface
temperature anomalies in the Atlantic are
equally important. It's estimated that only 10%
of droughts are due to the El Nino phase.
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Figure 2-20. Walker Circulation Over South
America and the Atlantic During El Niiio.

Symoptic changes, particularly the strengthening
of the subtropical jet, also cause cyclonic activity
to increase by as much as 25% in the winter
across South America between 20 and 45° S.
This increases rainfall (and snow) within these
latitudes.
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Several techniques have been developed to
attempt to forecast the onset, duration, and
intensity of ENSO events, and computer models
now have some skill at predicting onset. The
process is still not completely understood,
however, and each ENSO event seems unique in
some way. For example, some events have been
preceded by:

® Low readings of the Southern Oscillation
Index (SOI), which measures the standardized
difference of the sea-level pressure anomalies at
Tahiti minus Darwin.

® The eastward movement of warm waters.

® A weakened pressure gradient over the
central Pacific, with easterly surface winds
becoming lighter or even westerly.

® An eastward-moving minimum of the
outgoing longwave radiation index (due to
convection).

A detailed examination of these and other
techniques (as well as the Southern Oscillation
itself) is beyond the scope of this study. The
reader is encouraged to review the references
listed in the bibliography for more information
as needed--Philander (1990) 1is highly
recommended.




EXTRATROPICAL CYCLONE ACTIVITY. In this
section, we cover four major topics; the first is
a discussion of satellite-based extratropical
cyclone models. Since most Southern
Hemisphere low-pressure systems occur over
water, satellite meteorology has greatly
improved analysis and forecasting here. Next,
we show the primary storm tracks during the
summer and winter, and then the controls that
affect cyclogenesis, along with some examples of
cyclogenesis in the region. Finally, we discuss
and provide examples of synoptic patterns for
each of the four seasons.

Satellite Models. Figures 2-21a-c show Southern
Hemisphere flow patterns for a vortex-
deformation cloud zone, the baroclinic-leaf cloud,
and the mature comma-cloud system,
respectively. Southern Hemisphere lows rotate
clockwise with warm, moist air coming from the
north or northeast.

Figure 2-21a Flow Pattern for the
Vortex-Deformation Ciloud Zone, Airflow
trajectories show mid-level (hatched arrow
segments) and upper-level flow (dark arrow
segments). The shaded region represents cloud.

SYNOPTIC DISTURBANCES
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Figure 2-21b. Flow Pattern for the
Baroclinic-Leaf Cloud Zone. Airflow trajectories
show low-level (white arrow segments), mid-level
(hatched arrow segments), and upper-level flow
(dark arrow segments). The shaded region
represents cloud.

Figure 2-21c.
Comma-Cloud Zone. Airflow trajectories show
low-level (white arrow segments), mid-level
(hatched arrow segments), and upper-level flow

Flow Pattern for the Mature

(dark arrow segments). The shaded region

represents cloud.
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In the eastern South Pacific, connected vortices
(or "cyclone families") commonly develop 200-400
NM west of the southern Chilean coast (45-55°
S). These cyclone families can develop directly
through cyclogenesis, or pre-existing vortices
may combine as a result of deep mid- or
upper-level troughs. Deeper troughs often slow
down when approaching a strong ridge.
Successive troughs may combine with their
surface fronts joining together and intensifying
(see Figure 2-22).

Cyclone families may also develop through the
"instant” occlusion process, as shown in Figure
2-23. This occurs when a comma cloud or
vorticity maximum advances on a frontal wave.
The comma cloud merges with the wave; the
resulting satellite signature looks like an
occluded system.

Figure 2-23. The "Instant" Occlusion. The solid
line represents the comma cloud or vorticity

The dashed line represents the well-defined edge
of the polar cloud band; clouds are shown by the
solid hatching.

Storm Tracks. Extratropical cyclone activity can
affect South America throughout the year.
Figure 2-24 shows the primary storm tracks for
systems affecting South America. The Andes
Cordillera is a major barrier to systems
approaching South America. Pacific air masses
rarely extend eastward across the Andes north of
45° S. Drake Passage provides the primary
pathway for Pacific lows and Pacific air mass
penetration into South America and the South
Figure 2-22, Cyclone "Families"; A Common Atlantic Ocean. Lows developing along the
Development Sequence in the Eastern South eastern South American coast generally move
Pacific (from Bell, 1986). The tail of the southeast into the South Atlantic.

downstream vortex aligns and merges with the

head of the upstream comma cloud system

(white area). On occasion, this continuous cloud

pattern is vigible, but middle and high clouds

normally overlay the region.
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maximum; broken hatching, the associated cloud.
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Figure 2-24, Storm Tracks. The solid line represents summer (December-February) storm
tracks; the dashed line, winter (June-August).

Cyclogenesis. The most important
semipermanent climatic features to cyclogenesis
are the South Pacific High, the South Atlantic
High, and the Circumpolar Trough. High
pressure ridging, or "blocking”, can also occur.
The El Nifio-Southern Oscillation (ENSO) is not
a semipermanent climatic feature, but its
occurrence causes abnormal conditions. These
features are all discussed, in turn. Examples of
cyclogenesis/frontogenesis are also provided.

The South Pacific High produces zonal flow
south of 45° 8. The cell is extremely
well-defined during the summer. The extensive
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high-pressure ridge at the surface dominates the
eastern South Pacific and normally does not
permit systems to penetrate north of 45° S.

During the winter, the cell weakens enough to
regularly allow cold fronts and accompanying
precipitation north of 45° S into central and
Southern Chile. Failure of the South Pacific
High to weaken produces abnormally dry
winters across Southern Chile and Argentina.
Figure 2-25a and b show the mean sea-level
pressures for winters that are abnormally dry or
wet.
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development or movement.

Figure 2-25a. Mean Seasonal Sea-Level Pressure for the Dry Winter (June-August) of 1952 in
South-Central Chile. High-pressure ridging extends southward off the Chile coast, cutting off any
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Figure 2-25b. Mean Seasonal Sea-Level Pressure for the Wet Winter (June-August) of 1953 in
South-Central Chile. Note the trough extending from the Weddell Sea across Southern Chile.
Low-pressure systems are able to reach central Chile.




The South Atlantic High is an important factor
in cyclogenesis off the southeastern coast of
South America throughout the year. Its position
and strength also determine the track for
migratory low-pressure cells moving eastward
through the Drake Passage. South Atlantic
High outflow often provides additional moist
northeasterly surface flow into developing
cyclones over northern Argentina and the Rio de

SYNOPTIC DISTURBANCES

la Plata. Subsequent movement by lows is
southeastward along the South Atlantic High's
Southern flank. Figures 2-26a-d show a typical
air-mass convergence pattern for extratropical
cyclone development over northern Argentina
and the Rio de la Plata. Figures 2-27a-c are
satellite imagery showing the development of a
low over the Rio de la Plata and subsequent
movement out into the Atlantic.
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Figure 2-26a. Typical Summer Cyclogenesis/Frontogenesis Surface Pressure Pattern Along
the Southeast Coast of South America. The South Atlantic High brings continental tropical

air southward into northern Argentina.
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Figure 2-26b. Frontogenesis Produced by Troughing Between the Semipermanent
High-Pressure Cells of the South Pacific and South Atlantic.
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Figure 2-2Fs. A Wave Develops on the Boundary Between Air Masses.
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Figure 2-26d. Mature Extratropical Cyclone Moving Southeastward into the South Atlantic.
The surface "cold" front is often a discontinuity in moisture rather than temperature during
summer.
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Figure 2-27a. Cyclogenesis Over Rio de la Plata, 13 November 1983 (0700Z IR). The low can be seen
developing just south of Uruguay with a cold front extending just north of Paraguay into Southern
Bolivia. Stratus is present in the cold air along the mountains; convection is produced north of the
front. (Photo courtesy of NOAA/NESDIS).
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Figure 2-27b. Cyclogenesis Over Rio de la Plata, 15 November 1983 (1900Z IR). The low is on the
Uruguay/Brazil border with the cold front moving east and north into Brazil. Convection has
developed out in front of it, particularly since it is in the afternoon. (Photo courtesy of

NOAA/NESDIS).
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Figure 2-27¢. Cyclogenesis Over Rio de la Plata, 17 November 1983 (0700Z IR). The low has moved
southeast into the South Atlantic. The cold front is very evident, producing cloudiness into northern
Brazil. The clouds are mainly stratiform in this late night image; convection often develops with the
daytime heating. (Photo courtesy of NOAA/NESDIS).

Antarctic topography and land/sea temperature
differences produce three favorable areas for
semipermanent low surface pressures around the
landmass. These areas show little variation
from season to season; hence, the name
"Circumpolar Trough." This trough has a
significant effect on extratropical cyclone
activity. It produces persistent zonal mid- and
upper-level flow patterns over the polar regions.
Figures 2-28a & b show the mean sea-level
pressure patterns in January and July. Subtle
variations in the Circumpolar Trough's mean
position are produced by sea ice distributions.

Local drainage winds off Antarctica occasionally
produce intense vortices in the Weddell Sea and
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Bellingshausen Sea between May and
September. = These "Polar Lows" produce
low-level, spiral cloud patterns. Their movement
remains close to the seafice interface.
Occasionally they pass through Drake Passage.
Polar Lows are generally small but intense;
they produce strong winds, heavy precipitation,
and low clouds.

A strong temperature gradient between
Antarctic air and the surrounding oceanic air is
present all year. It drives the westerly
circulation from 850 to 500 mb over Antarctica
and the swrrounding oceans. Maximum westerly
flow varies seasonally between 42° 30' S and
50° S.
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Figure 2-28a. Semipermanent Low Surface
Pressure Areas Defining the Circumpolar
Trough for January (from Schwerdtfeger, 1970).
Pressure in millibars.

The frequency of extratropical cyclones across
South America can be extremely variable from
year to year. The cause and effect relationship
for the severe drought and excessive rainfall that
periodically affects South America is not fully
understood. Blocking high-pressure cells and
the ENSO, however, are recognized as two of the
causes.

Blocking high-pressure cells over mid-latitude
oceans may cause longwave troughs to
temporarily alter cyclogenesis and resultant
storm tracks during any season. Southern
Hemisphere meteorologists have identified
individual and interactive blocking patterns
developing over the South Pacific, South
Atlantic, and South Indian Oceans.

The ENSO has been identified as a cause for
large-scale variations in circulation patterns (see
Southern Oscillation discussion for details). The
South Pacific surface ridge weakens enough in
the summer to allow extratropical activity to
penetrate farther northward than normal. This
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Figure 2-28b. Semipermanent Low Surface
Pressure Areas Defining the Circumpolar
Trough for July (from Schwerdtteger, 1970).
Pressure in millibars.

was the case in January 1953 across much of
Chile south of 33° S, when Santiago (33° 27' S),
received 0.25 inch (6.4 mm), six times its normal
(0.04 inches/1.1 mm) January precipitation.

Summer Seasonal Analysis (December-
February). The Southern Hemisphere summer
synoptic weather pattern is dominated at the
surface by daily oscillations of the South Pacific
and South Atlantic Highs. A typical midsummer
weather pattern for South America features a
strong surface ridge between the two. December
has the lowest frequency of cyclogenesis.
Extratropical cyclones are steered eastward from
Drake Passage into the Weddell Sea. The 8-13
January 1963 period in Figures 2-29a-h shows
how 500-mb flow can temporarily disturb typical
summer surface conditions. The surface charts
and 500-mb analysis have been adapted from the
South African Weather Bureau Analysis.
Surface pressure is in millibars, and 500-mb
height contours are in tens of geopotential
meters (GPM).
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Figure 2-29a. 500-mb Chart, 8 January 1963
(1200Z). A 500-mb low (508 GPM) is positioned
at 55° S, 50° W, Its trough axis extends to the
northwest to 27° S, 80° W. 500-mb troughs often
reach to 30° S when strong ridging--as is the
case here--develops over the Bellingshausen Sea.
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Figure 2-28b. Surface Chart, 8 January 1963
(12002). The circumpolar trough around
Antarctica is well-defined. A deep surface low
(965 mb) near 57° S, 42° W and the South
Atlantic High outflow (northeasterlies) form a
weak warm front over water just off the
Argentine coast at 45° S, 61° W. Over land, the
frontal boundary becomes a weak frontal wave
produced by South Pacific High outflow
(southwesterlies). The Northwest Argentine
Depression is shown at 27° §, 66° W.
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Figure 2-29c. 500-mb Chart, 9 January 1963
(1200Z). The 500-mb ridge has migrated
eastward into Drake Passage and the Weddell
Sea and is assisting in frontal wave development
over Argentina. The 500-mb low (500 GPM) and
trough axis have moved east across Argentina
and intensified. Normally, the zonal westerly
flow around Antarctica at 500 mb produces a
ESE-to-WNW tilt to 500-mb troughs between
December and late March.
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Figure 2-29d. Surface Chart, 9 January 1963
(1200Z). The surface low (965 mb) identified in
Figure 2-29b has moved eastward to 58° S, 28°
W. The South Atlantic High shifts eastward in
advance of the cold front from 23° W (see Figure
2-29b) to 14° W. A weak low (1005 mb) has
developed at 31° S, 50° W over the Rio de la
Plata. Moderate southwesterly to westerly
outflow from the South Pacific High and the
500-mb shortwave trough are enhancing its
development.
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Figure 2-29e. 500-mb Chart, 10 January 1963
(1200Z). The 500-mb ridge has moved slowly

eastward with intensification of the 500-mb low
at 55° S, 25° W.
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Figure 2-29f. Surface Chart, 10 January 1963
(1200Z2). The South Pacific High strengthens
significantly and extends eastward into
Argentina. A new surface low has developed at
51° S, 30° W, equatorward of the 500-mb level
low at 55° S, 25° W. The low that was over the
Rio de la Plata on 9 January becomes ill-defined
as support at 500 mb weakens significantly and
the South Atlantic High continues
southeastward.
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Figure 2-29g. 500-mb Chart, 11 January 1963 Figure 2-29h. Surface Chart, 11 January 1963 ‘
(12002). Zonal flow--the normal 500-mb (1200Z). With zonal flow established at 500 mb,
pattern--rapidly moves the 500-mb low and the typical surface high-pressure pattern

trough across the South Atlantic. As a result, a dominates South America between 30 and 45° S.

weak closed low (572 GPM) develops to the west

of the Andes at 35° S, 75° W. In summer, these

fill quickly.
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Fall Seasonal Analysis (March-May).
Pacific-generated extratropical cyclone activity
increases in frequency and intensity in April and
May as the South Pacific High weakens in
strength and persistence. Colder air spreads out
over Antarctica, intensifying the Circumpolar
and 500-mb troughs that prefer to deepen over
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Figure 2-30a. 500-mb Chart, 21 May 1963
(1200Z). Three longwave 500-mb troughs
dominate flow over the southeast Pacific and
South Atlantic.
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the Bellingshausen Sea and Drake Passage with
weakened ridging over the southeastern Pacific.
Most fall transition weather south of 35° S
occurs with deep 500-mb troughs or lows off the
South American coasts between 35 and 45° S.
Figures 2-30a-f show a typical late fall synoptic
pattern.

Figure 2-30b.
(1200Z). When intense cyclogenesis develops in
the Bellingshausen Sea during the fall,
southwesterly or westerly flow through Drake
Passage often exceeds 25 knots at the surface.

Surface Chart, 21 May 1963
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Figure 2-30e. 500-mb Chart, 23 May 1963
(1200Z). A forerunner to surface cyclogenesis
over Argentina and the Rio de la Plata often
includes a 500-mb low such as at 44° S, 59° W.
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Figure 2-30f. Surface Chart, 23 May 1963
(12002). The 500-mb low intensifies the frontal
wave into a low at 45° S, 50° W,
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Winter Seasonal Analysis (June-August).
Winter has the highest frequency of cyclogenesis.
The high-pressure ridges over both oceans are
weaker from mid-June to early September,
allowing variations in 500-mb longwave trough
and ridge patterns around Antarctica to
dominate. Migratory 500-mb troughs often
produce cold fronts that bring subfreezing
temperatures, freezing rain, and snow to stations
south of 45° S. Between 35 and 45° S, strong
winds, moderate-to-heavy rainfall, and isolated
thundershowers are common. Temperatures
rarely drop below 34° F (1° C). North of 35° S,
heavy rainfall may occur, but temperatures
rarely fall below 50° F (10° C). The amount of
precipitation received on the lee side of the
Andean range is dramatically reduced.

Strong 500-mb ridges are not uncommon in
winter. They may form over either ocean, or
simultaneously over both oceans. Strong ridging
over land, however, is not common. Strong
Pacific ridges may cause "surges" of cold air to
penetrate northward into central Argentina. In
two to six cases every winter, cold air "surges"
reach the Amazon River, but two conditions are
necessary: strong 500-mb ridge tilting from
southeast to northwest, and a deepening trough.
This implies an intense wind speed maxima
along the downstream edge that allows very cold
polar or Antarctic air to move northwestward
into the base of the trough. The frontal
wave/surface low development along the 500-mb
trough axis is the catalyst for cold air
penetration northward into the tropics. Figure
2-31 shows the most common positions for
surface low-pressure centers and their cold
fronts.
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Figure 2-31. Common Surface Low and Cold Front Positions. Low 1 shows where maximum cold

air penetration can be expected.
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In Figures 2-32a and 2-32¢, a strong 500-mb
ridge (axis drawn) migrates eastward through
Drake Passage. A trough extending over South
America induces an intense cut-off low near 43°
S, 50° W, which assists in cyclogenesis over the
Rio de la Plata. When a cut-off low forms off the
Chilean coast, shortwaves may propagate slowly
eastward across the Andes into central

Figure 2-32a. 500-mb Chart, 3 August 1963

(1200Z). In winter, deep 500-mb troughs
produced by strong ridging over either ocean are
common. The 500-mb trough pattern usually
digs over South America when 500-mb ridging is
tilted.

SYNOPTIC DISTURBANCES

Argentina to 30° S, but the cut-off low may not
migrate eastward over the Andes. Figures 2-32b
and d show the surface charts coinciding with
500-mb flow. Figures 2-33a-f show a winter
synoptic situation in which strong ridging at 500
mb persists over the continent, impeding the
normal storm track.

Figure 2-32b. Surface Chart, 3 August 1963
(12002Z). The migratory high spills into western
and Southern Argentina.
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Figure 2-32¢. 500-mb Chart, 4 August 1963
(1200Z). A closed low has developed at 43° S,
50° W. Two troughs extend equatorward from
the center.
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Figure 2-32d. Surface Chart, 4 August 1963
(1200Z). The strong 500-mb ridge and
associated surface high fill behind the trough.
Very cold surface highs can produce sub-freezing
temperatures to 25° S on rare occasions, while
extremely cold 500-mb lows may produce
significant snowfall over west-central Argentina
to 40° S. A 1,000-mb low has developed at the
surface at 43° S, 45° W.
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Figure 2-33a. 500-mb Chart, 27 August 1963
(1200Z). The 500-mb ridge (R1) extends from 30
to 60° S (Bellingshausen Sea). Another ridge
(R2) is present in the South Atlantic.
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Figure 2-33b. Surface Chart, 27 August 1963
(1200Z). Surface high pressure dominates South
America from 35° S to the Bellingshausen Sea.
This synoptic pattern impedes the storm track
through Drake Passage.

2-59




SYNOPTIC DISTURBANCES

> T~

AN —
% 1) =3

( 995 ‘\
“?:'t e
'\, (Y N

Figure 2-33c. 500-mb Chart, 28 August 1963 Figure 2-33d. Surface Chart, 28 August 1963 ‘
(1200Z2). The 500-mb ridge (R1) now extends (12002). Several surface lows form in the

into the Weddell Sea. Two slow-moving 500-mb southeastern Pacific along the 500-mb trough

troughs (T'1 and T2) dominate the southeastern axes.

Pacific.
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a dramatic

of surface lows track into Chile
activity away from Drake

963 Figure 2-33t. Surface Chart, 29 August 1963
as intense ridging at 500 mb causes
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Spring Seasonal Analysis (September-
November). The significant spring weather
feature is the mid-November reappearance of
persistent 500-mb ridging over both oceans.
Cyclogenesis occurs frequently over the Rio de la
Plata and northeastern Argentina, with 500-mb
troughing over the southwest Atlantic. Although
500-mb troughs occur often in the spring, their
strength and frequency diminish greatly when
subtropical high pressure reestablishes. Surges
of cold air continue to occur frequently in
September and early October. Their affect on
weather across the Amazon Basin is even more

<7 ) &

Figure 2-34a. 500-mb Chart, 9 September 1963
(1200Z). Subtropical high pressure at 500 mb is
evident over the Pacific and Atlantic Oceans. A
low (556 GPM) is located over central Argentina.
In this case, a weak wind maximum downstream
of the 500-mb ridge is provided by the closed
low.
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significant than in the winter and is discussed in
the respective zones. Figures 2-34a-f illustrate
an early spring weather pattern. This situation
is only 12 days later than the one in Figures
2-33a-e, but it provides an excellent example of
the major changes that take place in spring. An
extensive longwave trough/ridge pattern is
around Antarctica. Cut-off lows form over the
continent as the South Atlantic and South
Pacific Highs begin to migrate poleward. This
example also shows how the 500-mb cut-off low
aids in cyclogenesis over the Rio de la Plata.

Figure 2-34b. Surface Chart, 9 September 1963
(1200Z). The surface low forms near 34° S, 55°
W, and the cold high-pressure cell fills in behind
the cold front.
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Figure 2-34c. 500-mb Chart, 10 September 1963
(12002). The 500-mb cut-off low deepens (552
GPM) within a broad trough over the continent.
e strengthening ridge (R1) intensifies the
downstream wind maxima into the closed low.
Significant ridging (R2) is also occurring over the
southwestern Atlantic.
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Figu