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Recent Increases in Coastal Water Temperature and 

Sea Level-California to Alaska 

H. H. STEWART, Jr., U. D. ZETLER, and C. B. TAYLOR, Oceanographers 

U. S. Coast and Geodetic Survey 

DURING the summer of 1957 wide public interest 
was attracted by reports of abnormally high water 
temperatures off the west coast .of the United 
States, Canada, and southeast Alaska. The sport 
fishing boats operating out of California ports 
returned with record catches of yellowtail and 
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bonito, and the live -·bait fishery r eported a 
northerly extension of the sardine spawning 
ground!>· Probably these were reflections of 
this same warmer water. In December of 1957, 
the agencies participating in the California Co­
operative Oceanic Fisheries Investigations 
(CCOFI) issued a preliminary reporcl focusing 
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attention on the problem. Although the west 
coast water temperature observations by the Coast 
and Geodetic Survey did show values above nor­
mal for most of 1957, the anomaly was signifi­
cantly larger in the last 2 months of 1957 and the 
first 2 of 1958. Observed tides on t.he west 
coast during the same period were considerably 
higher than predicted, and preliminary investi­
gations indicated that the changes in water tem­
perature and sea level appeared approximately 
parailel. On the strength of these preliminary 
results, sea water temperature data and tidal 
records for . the 15 months prior to April 1958 
were analyzed for 10 Coast and Geodetic Survey 
tide stations from southern California to Alaska . 

The purposes of this Technical Bulletin are (1) 
to report the results of these analyses, (2) to 
present the basic water temperature and sea level 
data so that other oceanographers concerned with 
this interesting problem may have them in a 

ready form, and (3) to suggest that both anomalies 
are directly related to a shift in the large-scale 
wind pattern over the eastern North Pacific. 

DATA FROM TIDE STATIONS 

The 10 tide stations chosen were those most 
exposed to open ocean conditions; hence, least 
influenced by the rapid and extreme environmental 
fluctuations often recorded inside shallow bays 
and estuaries. Their locations are shown in fig­
ure 1. The temperature data were obta ined from 
thermometer readings made in a sample of water 
drawn by bucket from a foot or two below the sur­
face . Observations were usually made once each 
weekday at whatever time the observer attended 
the tide gage, and it may be assumed that in the 
course of a month or a year t.he distribution of 
observations was fairly uniform over all phases 
of the tide. Sea level data were derived fr.om 

Table 1.-Monthly mean temperature and anomaly, La Jolla, Calif., to Sitka, Alaska 
January 1957-March 1958 

(Temperature in degrees Fahrenheit) 

1957 1958 

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. 
I Dec. Jan. Feb. Mar. 

La Jolla oba,,,,, •••••.. . .• S8.6 57.8 58.6 S9.S 62. 2 66.8 69. 6 70. 8 66. S 64.6 62. 2 61. 7 60.9 60.8 59.6 
Meao (39 yr,) .... , , .. . ... . 57.1 56. 9 57.9 S9.6 62. 7 65.4 68. 1 69.3 66.6 64. 2 61. 2 58.8 57. 1 56. 9 57. 9 
Aao,..ly ... .... ... ..... . . +1.5 +O. 9 +0. 7 - 0.1 - 0. 5 + 1. 4 + 1. 5 + 1. 5 - 0. 1 +0. 4 +1.0 +2.9 +3.8 .. 3. 9 + 1. 7 

Los Angeles obs •• ••••• •• • • S8. 0 57. 8 59.2 S8.9 60. 2 66. 4 69.0 70. 2 66.1 65. 6 62.6 60. 7 60.0 61. l 60. 4 
.,an (32 yr.) •• •• • •••• •• 56. 4 56.9 57. 9 59.1 61. 0 63. 6 65. 7 66. 8 65. 4 63. 8 61.0 58. 3 56.4 56.9 57.9 
Anomaly ...... . . ... ...... +t. 6 + 0. 9 +l, 3 - 0.2 - 0.8 + 2. 8 + 3. 3 +J. 4 + o. 7 + 1. 8 + 1.6 + 2.4 +3. 6 +4. 2 +2.5 

Santa Monica ob• ••••••••••• 57. 5 57.1 56.8 S7.4 60.5 67. 2 69.6 70. 3 65. 9 64. 4 61. 8 60. 3 60. I 60. 9 59.0 
Mean (10 yr.) ••••••••••••• S5.4 55.6 56.6 S8.4 60. 0 63. 6 66.4 66.8 65. 3 62. 4 59. 7 S7.1 SS. 4 55.6 56.6 
Anomaly ...... .. ......... + 2.1 +1.5 + 0. 2 - I. 0 + 0.5 + 3.6 + 3. 2 + 3. s + 0.6 + 2.0 + 2.1 +3. 2 + 4. 7 + 5.3 + 2.4 

Port Hueneme obs • • •.• . •• .•• 56.1 55.4 54.3 56.S . 58.1 61. 9 65.3 64.0 61. 9 62. 2 61. 0 60.3 60.1 60. 0 57. 7 
..,an (36 yr . ) ........... 56.1 55. 7 55.9 55.9 56.9 58. 8 60. 8 62.1 62. 1 61. 2 59. 5 57. 7 56. 1 SS. 7 55.9 
Aaoaialy . ... .... .. ..... .. 0. 0 - 0.3 • 1.6 + 0.6 •1. 2 + 3. 1 +4.5 + 1.9 - o. 2 + 1.0 +1. 5 +2.6 +4.0 +4.3 +1. 8 

lfli I a B!ach obL •••• •• •• • •• 53.5 53. 2 Sl.6 52.6 55.9 55. 9 59.5 59.2 .... . .. . S7.0 56.4 SS. I I 56.3 55.9 
Mean ( 11 yr,), ., , . ........ 53.1 52. 9 53.0 53.5 54.3 56.2 58.5 59.2 59. 0 57. 3 55.9 54. 2 53.1 52. 9 53.0 
Anomaly •• , ...... , •.••••• +0.4 +O. 3 - 1. 4 - 0.9 +1. 6 -0. 3 +1. 0 0.0 .. .. . ... +1.1 +2. 2 + 2. 0 +3. 4 +2.9 

San Francisco obs • • .•••.•.. 49. I 50.0 53. 5 S3.8 57.1 56.6 58.8 S7.5 58. 1 60. 7 SS. 8 51. 7 S2. 7 54. 2 52. 7 
Mean (34 yr,),,, •• , • . •. , , • 50.9 51. 7 S3. 2 54.4 55. 7 S7 . 4 S8.9 59. 7 60. 3 S9. 0 SS. 7 52.6 50.9 51. 7 53. 2 
Anomaly • •••••. • ••.•.•••• - 1. 8 - 1. 7 +O. 3 - 0.6 +!. 4 - o. 8 - 0.1 - 2. 2 - 2.2 +1. 7 +0. 1 - 0.9 + 1. 8 + 2. 5 - 0. 5 

Oescent City obs . ... ...... . 46. 4 48. 9 51. 3 52.9 54. 3 58. 4 58. 6 S9. 5 60. 5 52.6 51. 1 51. 9 51. 9 51.6 52. 7 
Mellll (19 yr.) .••• • • • ••• • •• 49. 7 49.9 50.2 51.2 52.6 53. 9 55. 9 57.0 55. 9 53.7 51. 7 50. 5 49. 7 49. 9 50. 2 
Anomely . . ...... .. ..... .. - 3. 3 - 1. 0 +1. 1 + 1. 7 • 1. 7 • 4.5 +2. 7 +2.5 •4. 6 - 1. 1 - 0. 6 + 1. 4 +2. 2 fl . 7 +2. 5 

Neah Bay obs .............. 42.4 42. 5 45.8 48.8 52.8 53.4 52. 5 54. 3 52. 1 53.0 50. 9 49.1 48. 2 49. s 49. 7 
Mun (20 yr.) ••••••• • .•••• 45. 3 45.1 46.2 48.5 51. I 52. 9 53. 2 S2. 7 52. 2 51. I 49. 1 47. 0 4S. 3 45.1 46. 2 
Anomaly .•••••••••••••••• - 2. 9 - 2.6 -0. 4 f-0. 3 + 1. 7 + 0. 5 -0. 7 +1.6 - O. I + 1.9 + 1. 8 + 2.1 f 2.9 +4.4 +3.5 

Ketchikan obi •• .• . . ......•• 39.9 41.0 41. 1 42.S 47. 2 54.1 56.2 58.0 55.8 49.2 45. 7 42.6 42. 2 43. 4 44.1 
Mean (34 yr.) ... . , •• , ..... 41. 3 41.0 41. 7 43.6 48. 3 54. 3 56.9 57. 2 53.8 49.0 44. 8 42. 3 41. 3 41. 0 41. 7 
Anomaly . , , , ,. , •• .• ••••• -1. 4 o. 0 -0.6 -1.1 - 1.1 - 0. 2 - 0. 7 +0.8 +2. 0 +o. 2 + 0. 9 +o. 3 + 0.9 +2. 4 +2. 4 

Sitka obs • • ,, .. ,. , • • •• ••• •• 39.1 38. 3 39.6 42.8 47. 7 S2. 4 56.5 59. 5 57.J 51.1 47. 4 44. 7 43. 8 42.5 42. 2 
Mean (14 yr.) • , • ••• •••••• 40.2 39.6 39. 8 42.2 47.5 52. 0 55.8 56. 8 53. 5 48. 7 44. 6 42.0 40. 2 39. 6 39.8 

Anomaly•••••••••••••••• -1.1 -1. 3 - o. 2 •0. 6 +0.2 + 0.4 +o. 1 +2.7 + 3.8 +2.4 +2. 8 +2. 7 +3.6 +2. 9 +2.4 
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marigrams obtained from continuously recording 
tide gages. 

ANALYSES 

Daily temperature observations at each station 
were averaged to obtain the monthly mean. Simi­
lar monthly temperature data, plus yearly means, 
extremes, and long-term means, for these and 
the other west coast stations through 1955 are 
available.2 For the 10 stations under considera­
tion, table 1 presents the mean sea water tempera­
tures from January 1957 through March 1958, the 
monthly mean sea water temperatures for the 
period of record through 1955, and the deviations 
of the 1957 anc.11958 values from these long-term 
monthly means. The long-term monthly means 

2Surface water temperatures at tide stations, Pacific Coast North and 
South America and Pacific Ocean Islands, Coasl and Geodetic Survey. 
Spec. Pub. 280, U. S. Govt. Print. OIL 1956. 

are used as the normal temperatures for the 
month, and the deviations are called the monthly 
anomalies. 

Hourly tidal heights were tabulated from each 
marigram and averaged to give monthly sea level 
at each station. These monthly sea levels for the 
period from January 1957 through March 1958 to­
gether with the 19-year mean sea level (where 
available) for each month at each station and the 
corresponding monthly sea level anomalies are 
listed in table 2. In view of the gradual rise in 
sea level, which Disney3 has shown to average 
0 .005 foot per year on the west coast, monthly sea 
levels in 1957 and 1958 would under normal condi­
tions be 0.05 foot higher than during the median 
year 1947 of thel9-year(1938-1956)meansshown 
in table 2. 

3Tide heights along the coasts of thP. United States by .L. P. Disney, 
Proc. Americai Society of Civil Engineers, Vol. 81, ,Separate 666, 1955. 

Table 2.-Monthly sea level and anomaly, La Jolla, Calif., to Sitka, Alaska January 1957-MarcJz 1958 
(Heights are in feet above original staff zero) 

I 
1957 1958 

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. 

La Joll1 obs ••••• , ••••••••• 6.70 6.71 6.56 6.62 6. 74 6.97 7.12 1.ZZ 7.14 7.14 7.10 7. 19 7.06 6.90 6.83 
Mean (18 yr.) ••••.•••••••• 6.67 6. 61 6. S3 6. 49 6.55 . 6.68 6.84 6.93 7.01 6.89 6.83 6. 78 6.67 6.61 6.53 

lt.DO-Jy .. , ... ,,,,, •• •••• +0.03 +0.10 +0.03 +0.13 +0. 19 +0.29 +0.28 +o. 29 +0. 13 +0.25 + 0.27 i+-0.41 +0.39 +0.29 +0.30 

Los Angeles obs • .•••••.••.. 6.46 6. 48 6.29 6.30 6.48 6. 70 6.86 6.93 6.77 6. 83 6.82 6.88 6. 75 6.64 6.59 
Mean (19 yr,) •••• , ••.• , ••• 6.49 6. 42 6.33 6. 28 6.35 6.50 6.64 6.69 6. 78 6. 66 6.61 6.57 6. 49 6.42 6.33 
Anomaly . ................ - 0.03 +o. 06 • 0.04 +0.02 + 0.13 + 0. 20 +O. 22 +o. 24 -0.01 +0.17 +0. 21 +0.31 + 0. 26 +o. 22 +0. 26 

Santa Monica obs •.•••.•..•• 5.10 s. 12 4.84 4. 88 5. 06 5. 28 5.43 5.48 5.42 5. 36 5. 41 5.50 5.38 S.30 5.23 
Mean (19 yr.) ............. 4.97 4. 92 4.86 4.82 4.89 5.04 5.19 5. 24 5.30 5.17 5.10 5. !Mi 4.97 4.92 ~.86 

Anomaly ..•.••.•.•..•••.• +o.13 +o. 20 - 0.02 +0.06 +0.17 +0.24 +0.24 +o. 24 +0.12 +o. 19 +0.31 + 0.44 +0.41 + 0. 38 +o. 37 

Port Hueneme obs ••••••••••• 6.11 6. 10 5. 87 6.01 6. 11 6.35 6. 50 6.55 6.49 6.51 6.49 6.56 6.47 6.39 ..... 
Mean ( 16 yr.) •••••.••••••• 5.96 5.92 5.83 5. 78 5.84 5.98 6.11 6.17 6.25 6. 15 6.09 6.05 5. 96 5. 92 5. 83 
Aaomaly ................. +0.15 + 0.18 +0.04 +O. 23 +0.27 +0.37 +O. 39 +0.38 +o. 24 +0.36 +O. 40 +0.51 +0.51 +0.47 ··· ·· 

Avila Beach obs, ........... 5.83 5. 81 5.62 5.67 5.82 5.95 6. 14 6. 17 ..... ..... 6.06 6.14 5.91 5.80 5.83 
Mean (11 yr.) ............. 

I 
5. 72 5.65 S.55 5. 53 5.61 5.70 5. 84 5.83 5.94 5.84 5.80 5. 76 s. 72 5.65 5.55 

Anomaly ................. +0.11 +0.16 +o. rn +0. 14 +o. 21 +o. 25 + 0.30 +0.34 ..... ..... +0.26 +<>. 38 +0.19 +0.15 +0.28 

San Francisco obs •••••••••• 8.80 8.91 8. 70 8. 70 8.93 8.86 9.03 8.97 9.15 9.13 9.01 9.09 9.12 9.56 9. zi 
Mean (19 yr.) ••••••.•••••. 8. 86 8. 81 8.68 8. 57 8. 61 8. 70 8.80 8.81 8.90 8. 79 8.78 8.86 8.86 8.81 8.68 
lt.oomaJy ................. - 0.06 +<>. 10 +0.02 1-0. 13 +o. 32 +0.16 +o. 23 +0.16 +0.25 ft 0. 34 +0.23 +0.23 +O. 26 +o. 1s +0.54 

Crescent City obs •••••••• ••• 7.40 7.63 7.52 7.14 7.48 7.19 7.40 7.42 7.61 7. 78 7.62 7.88 8.16 8.54 7. 73 
Mean (17 yr.) ............. 7.81 7.69 7.47 7.31 7. 26 7. 25 7.38 7.43 7.53 7. 48 7.62 7. 84 7.81 7.69 7.~7 

Aaom1ly ••••••.•••.•••.•• - 0.41 - 0.06 +0.05 - 0.17 + 0.22 - 0. 06 +0. 02 - 0.01 +0.08 +0.30 0.00 +0. 04 +O. 35 +0.85 +o. 26 

Neah Bay obs ....... , •••••• 6.46 6.62 6. 78 6. 32 6.47 6.15 6. rt 6. 34 6.45 6.68 6.64 .... ..... 7.68 6.&5 
Mean (18 yr.) .. , .. , , ••• , •• 7.01 6.86 6.66 6.42 6. 25 6.20 6.18 6. 20 6.32 6. 57 6.83 7.04 7.01 6.86 6.66 
Anomaly •.•.•••.•••• ••.•• -0.55 - 0. 24 +0.12 - 0.10 +o. 22 -0.05 +o. 09 +0.14 +0.13 +0.11 - 0.19 ..... ..... +0.82 +0.19 

Ketchikan obs .••• , ......... 13. 79 13.% 14.19 13. 85 14. 02 14. 15 14. 21 14.12 14. 06 14. 20 14.53 15.08 15.19 15.06 14.17 
Mean (19 yr.) •• , .......... 14.57 14.37 14. 20 14. 08 13. 95 14.00 14. 01 13. 96 14.11 14. 53 14. 67 14. 74 14. 57 14. 37 14. 20 
Aaomaly, ................ -0. 78 - o. 41 -0. 01 -0.23 +O. 07 +0.15 +0. 20 +0.16 -0. OS -0. 33 -0.14 +O. 34 +0.61 +o. 69 -0. 03 

Sitk1 obs,. •.•••.••.•••.•.•• 9.45 9. 76 9.96 9.62 9. 75 9. 77 9. 82 9.83 9.91 10. 02 10. 37 10. 76 10. 88 10. 79 9. SS 
Mean (19 yr,), •••••••••••• 10.45 10. 23 10. 08 9. 94 9. 79 9. 78 9.78 9. 80 9.98 10. 39 10. 49 10. 58 10.45 10. 23 10.08 
Aaomaly., ............... -1. 00 -0. 47 -0.12 -0. 32 -0.04 -0. 01 + o.04 +0.03 -0.07 -0. 37 -0. 12 +o. 18 +0.43 +0.56 -0. 23 
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FIG. 2.-Monthly sea water temperature and sea level anoma! ies, January 1957 t hrough March 1958 at 
Los Angeles (outer harbor), California, 

- 1.0 

The ·)':"esults discussed below cannot be consi­
dered as seasonal variations in temperature and 
sea level, for seasonal variations are determined 
by studying monthly departures from the annual 
mean. Essentially such variations have been elim­
inated during the analyses by dealing only with the 
departure of specific months from the long-term 
monthly mean. 

Table 3.-Monthly averages of sea water temper­
ature and sea level anomalies far ten stations 
from La Jolla , Calif., to Sitka, Alaska. 

RESULTS 

The monthly anomalies in sea water tempera­
ture and sea level at 5 stations from Los Angeles 
to Sitka in tables land 2 are presented graphically 
in figures 2 through 6. The anomalies at all 10 
stations were averaged by months to present a 
somewhat generalized picture of the coast as a 
whole from January 1957 through March 1958. 
These averages are given in table 3 . The out­
standing feature of figures 2-6 is the general 
parallelism of the variations in temperature and 
sea level anomalies, with the southern stations 
showing a stronger correlation. This parallelism 
is even more pronounced in table 3 where dif­
ferences due to location on the coast are averaged 
out. The general coastal picture shows that both 
water temperature and sea level were generally 
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January 1957- March 1958 

Month 

1957 

January ............ . ........... . .. . .. . 
February ....... ...................... . 

March ................................ . 
April ................................ . 

May ................................. .. 

June ••••. • •. '•••'''•••" .• ",' •. •••••• 
July ................................. . 
August •••••••• , ••• , •• • ,.,., ......... .. 

September • •• • , ..... . ........... . ..... . 
October .......................... .. . .. . 
November .......... ,., ••••• , •• ••• •••••• 
December •••• ,, •• ••• ••••••••••••• •• • ,., 

1958 
Janiaary ....... . .. .. ................... . 
February .............................. . 
March .............. .. ... .. ........... . 

Aoomalv 

Temperature Sea level 

-0.5 
-0.3 
-0.1 
- 0. 1 

+ 0. 6 
+l. 5 
+1. 5 
+1.6 

+ LO 
+ 1.1 
+ 1.2 
+ 1.9 

+3.0 
+3.5 
+2. 2 

-0. 24 
-0.04 
+O. 01 
-0.01 

+ 0.18 
+ 0. 15 
+0.20 
+0.20 

+0. 09 
+0.11 
+0.12 
+0.32 

+0.38 
+0.52 
+o. 22 
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FIG. 3.-Monthly sea water temperature and sea level anomalies, January 1957 through March 1958 at Santa Monica, California. 

below normal for the first 4 months of 1957 . 
They rose above normal during May, were high 
during the summer, and dropped off during Sep­
tember. Values above normal remained relatively 
constant or increased slightly during October and 
November. Both anomalies rose rapidly in De­
cember, reaching new· highs for the year. The 
sharp rise continued in January 1958; and, for the 
coast as a whole, the anomalies peaked at ex­
ceptionally high values in February before drop­
ping off in March. 

The unusual size of the January and February 
temperature anomalies is apparent when it is 
realized that during these 2 months, among the 
stations listed in table 1, 10 records were set for 
the highest monthly mean water temperature for 
the period of record. The highest temperature 
anomaly during the 15 months was recorded in 
February 1958 at Santa Monica where the monthly 
mean of 60.9°F was 5.3° above the February mean 
for the period of record. The highest sea level 
anomaly during the 15 months was also in Feb­
ruary 1958 when sea level at Crescent City was 
0.85 foot above the 19-year February mean. 

~On the process of upwelling by H. U. Sverdrup, Joor. Marine Rcsoorch. 
Vol. 1, pp. 155-164, 1938. 

5 

DISCUSSION 

The marked similarity of variations in the 
temperature and sea level anomalies along this 
coast where upwelling is known to exist suggests 
that the observed variations are related through 
the upwelling mechanism to its driving force-- the 
wind. Wind blowing over a body of water in the 
northern hemisphere tends to generate a surface 
current moving at an angle approaching 45° to the 
right of the direction toward which the wind is 
blowing. Along the west coast of North America 
this mechanism has been shown by Sverdrup4, 
Sverdrup and Flemings. and others to cause the 
upwelling of colder denser water from below to 
replace the warmer surface water blown sea­
ward by the predominantly northerly winds. The 
seaward movement of the lighter surface water 
brings about a redistribution of mass resulting 
in a south-flowing geostrophic current. that aug­
ments the lowered temperature by bringing in 
colder water from the north. 

With long-term prevailing winds with a strong 
northerly component, the upwelling approaches a 

5The wa1ers off the coast of southern California, March to July, 1937 
by H. U. Sverdrup and R. H. Fleming. Bull. Scripps ln.1t. ~y. 
Univ. of Calif., Vol. 4, No. 10, pp. 261-378, 1941. 
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quasi-steady state involving a balance between the 
wind and the resultant offshore movement of 
surface water. Given such a condition, the writers 
hypothesize that sea level near the coast will be 
maintained at a level lower than that farther from 
shore. Therefore, the occurre.nce of a sudden 
increase in both water temperature and sea level 
along the coast must reflect the termination of 
the original steady state condition and the es­
tablishment of a new balance chat ipso facto must 
be accompanied by a decrease in the northerly 
component of the wind. Therefore, the varia­
tions in the northerly component of the wind 
were examined. Using monthly mean sea level 
atmospheric pressure charts supplied by the 
Weather Bureau, monthly mean geostrophic winds 

6 

(winds related to the pressure distribution) were 
computed for each month from January 1957 
through March 1958 for three points off the west 
coast. These points wereseawardofAvilaBeach, 
Calif. (at · 35°N., 125°W.), seaward of northern 
Oregon (at 45°N., 130°W .), and off Ketchikan, 
Alaska (at S5°N., 135°W .). The mean wind for 
each month at each of these locations was re­
solved into its north and east components, and 
the results are given in cable 4. Along the coast 
from California to Washington, ·positive values 
in northerly and/or easterly wind components 
would tend to move water away from the coast; 
negative values indicating southerly and/or west­
erly winds would tend to move water toward the 
coast. In southeast Alaska, due to the orienta-



CRESCENT CITY, CALIFORNIA 
1957 1958 
Jan Feb Mar Apr May Jun Jul Au9 Sep Oct Nov Dec Jan Feb Mar 
.--~--~--.~~...;....~......,..;._~.,.....~ ....... ~~r-~--.-~~.--~-r~--.~~"'T"""~.....,.~---,+5.0 

SEA WATER 
TEMPERATURE ANOMALY 

+4.0 

+3.0~ 

!... 

{Monthly mean vs 1934 -1955 monthly mean) 

-2.0 

-3.0 

+0.8 

+0 .7 

+0.6 

+0.5 

+0.4 SEA LEVEL ANOMALY 
u: 
;+o.3 

I Monthly mean vs 1938-1947, 1950-1956 monthly mean) 

0 
E 
g +0.2 
<( .. 
: +0.1 
...J 

0 .. 
(/) o.o r--~~~~-\-~~-t-~~-t~--,,,c--°""-...::~~~~~~~.....,o::....~~~~~~~~ 

-0.1 

-0.2 

- 0 .3 

- 0 .4 

FIG. 5.-Monthly sea water temperature and sea level anonralies, January 1957 through March 1958 at Cre sceat City, California. 

tion of. the coastline, only the north component is 
significant, as east or west winds would move 
water essentially parallel to the coasL 
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In January and February 1958, the 2 months in 
which the high sea level and temperature anoma­
lies were r ecorded, all three wind stations show 
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the lowest northerly (actually negative or strong 
southerly) components of the entire period. In 
addition, the two southernmost wind stations show 
strong westerly (negative easterly) components 
during this same period. These winds during Jan­
uary and February 1958 are believed to have 
diminished or terminated the more normal up­
welling by upsetting the existing quasi-steady state 
condition. This not only resulted in a termination 
along the coast of the replenishment of colder 
water from below but also caused a spectacular 
rise in sea level. The larger range of sea level 
anomaly at the northern stations during January 
and February probably is due primarily to 
stronger onshore winds in this region, but may 
also be partly due to the configuration of the coast. 
Sitka and Ketchikan are both near the head of a 
broad indentation (Gulf of Alaska) and conse­
quently are subject to maximum wind setup. 

Similar dependence of variations in water 
temperarure and sea level on variations in up­
welling caused by changes in the wind pattern 
have been found along the east coast of Florida by 
Taylor and Stewart. 6 Variations in sea level re­
sulting from variations in the wind pattern have 
been well documented by the studies of De Veaux 7. 
and Miller8•9. 

Some of the features shown in figures 2-6 can 
now be explained in terms of the hypothesis pre­
sented above. These figures show that the water 
temperature and sea level anomalies are more or 
less parallel, and this is brought out even more 
strikingly in the mean anomalies forthecombined 
10 stations (table 3). There are several reasons, 
however, why the corre lation between the two, 
though good, is not the one-to-one correspondence 
that might be expected if both anomalies are re­
lated to the same cause as proposed above. 

The progressively stronger correspondence be­
tween the two anomalies from north to south is in 
part a reflection of factors affecting only the 
temperature. For example, the amount of change 
in water temperature resulting from a given 
change in the degree of upwelling is directly 
related to the difference between the temperature 
of the upwelling water and the surface water. This 
difference depends partly on latitude, for the 
long-term mean surface water temperature de­
creases steadily from 61.2°F at Lof' Angeles to 
46.9°F at Sitka. Assuming a relati\E:ly uniform 
temperature for the colder water at depth, the 

6Summer upwelling along the Hsi coast of Florida by C. B. Tayio. aod 
H. B. Ste.Bit, Jr., T,..,,SlllCtians, AmsricwiGeophysical Unie#I (in press). 

71e(mrolo~cal llemd .ad I.be tpp-t rise Ui see level aloag the South 
Cuoliaa coast by E. J. CM Veawi, Monthly Wot!lh« Revi-, Vol. 83, No. 
10, pp. 217-224, 1955. 

BThe effect of seatdy wiads oa sea level et AU antic City by A. R. llil· 
ler, lleteoiological II~ VoL 2, No. 10, pp. 24-31. 1957. 

9The effects of wiads on •.-et• levels oa the New Eagland Coast by A. 
R. Millet, l.irmology am ~y, Vol. 3, No. l, pp. l· 14, 195 8. 
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temperature differences between the surface and 
the upwelled water at southerly stations will be 
greater than at stations farther north. Furcher­
more, since there will be a seasonal variation 
in the temperature differences at each station, 
the response at all stations will be greater in 
summer than in winter. This may in part ex­
plain why correlations a pp ea r progressively 
stronger from north to south and also why, even 
for the southernmost stations, the fit is better 
in summer than in winter . 

These variations in the range of temperature 
response refer only to times when upwelling-even 
though diminished-was taking place, the existing 
condition during most of 1957. However, in 
January and February 1958 a strong low pres­
sure area moved into the eastern North Pacific 
bringing onshore winds over much of the area 
under consideration. This brought a sharp rise 
in sea level for all stations from San Francisco 
north. During this same period, a weak high 
pressure area off southern California reduced 
the wind effect in that area, so that the sea level 
anomaly at stations south of San Francisco­
though still high-actually decreased slightly 
during January and February. The meteorological 
abnormality of these first 2 months of 1958 is 
discµssed in detail by Teweles and Finger 10, 

lOAJI abrupt ch11.t1ge in stratospheric circulation beginning in miO. Jani>­
uary 1958 by S. Teweles and F. G. Finger, Monthly Weather Revi-, Vol. 
86, No. 1, pp. 23·28. 1958. 

Table 4.-North and east components of the 
monthly mean geostrophic wind at three points 
off the west coast of North America. 

'Aonth 

19S7 

jan11ary •••••••••••••• 

Febriuuy •••••••••.•••• 
March ••••. , ••••••••.• 

:::i'. .................. : ::.~ ~-.·. 1 
- •••••••••••••••••• 1 J 
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Aapat ••••• •• ••••••••• 

Sep1eaiber .• •• ••••••• •• 
Octot.r ..••••••••..••• 
November ............. 
December ••••••••••••• 

1958 
J~llAtY· •• .••• ••••••• • 
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O'Connorl l, and Klein l2. Presumably upwell­
ing ceased completely during this period, and 
with the termination of the usual supply of 
cooler water from below, the water temperature 
anomaly rose all along the coast during January 
and February (table l). The onshore movement 
of water, while increasing sea level, would not 
result in appreciable additional increases in 
temperature following the postupwelling increase, 
except for what might be a reflection of a very 
minor south to north geostrophic flow due to 
the accumulation of lighter surface waters at 
the coast. Thus the temperature r esponse to a 
cessation of upwelling would not be so sharp as 
the sea level response, and this is shown clearly 
in the respective anomalies . 

Alrhough it appears that change in the atmos­
pheric circulation is the predominant cause for 
the recent increases in both water temperature 
and sea level along the west coast, ther e are 
other contributing factors that should be con­
sidered. These are the effect on sea level of 
changes in the atmospheric pressure (barometric 
tides), the possibility that the increase in water 
te mperature was caused hy an increase in air 
temperature or by solar heating, and the effect 
on sea level of changes in the density or specific 
volume of the water (steric tides) . 

I !The weather and circulation of January 1958, low inde1 with record 
cold in southeastern United States by J. F. O'Connor, Mantllly Wead.er ."& 
\oew, Vol. 86, No. l, pp. 11-18, 1958. 

12The weather and circulation of February 1958, a month with an ex­
panded circumpolar vortex of record intensity by W. H. Klein, Manthfr 
Weather Review, Vol. 8", No. 2. pp. 60-70, 1958. 

The effects of variations in atmospheric pres­
sure undoubtedly are reflected to some extent 
in the observed sea level values. However, as 
pointed out by La Fond 13, seasonal variations in 
atmospheric pressure at San Diego are relatively 
small, and year to year differences are even 
smaller. Thus any correction for the effect of 
atmospheric pressure would also be small. For 
the regions off California and off British Colum­
bia, Pattullo et al.14 show that "correcting" re­
corded monthly departures from annual sea level 
for atmospheric pressure effects results in a 
very small change in range, and the phase is 
actually changed, indicating a poor correlation 
between changes in recorded sea level and 
atmospheric pressure in this area. Since we 
are dealing here not with the seasonal variation 
in sea level, but only with the monthly anomaly, 
the e ffect of atmospheric pressure on sea level 
is felt to be r e latively small. 

Consideration must also be given to the pos­
sibility chat the inc rease in water termperature 
might be re lated to an increase in the air tem­
perature. The upper surface of the sea is seldom 
in thermal equilibrium with the bottom of the 
overlying atmosphere, and heat exchange across 
the interface attempts to reduce the thermal 
gradient. Table 5 shows the monthly anomalies 

llVariatloos of sea level on the Pacific Coast of the United States by 
E. C. LaFond, four. Merine Resesrcl~ Vol. 2, No. 1, pp. 17-29, 1939. 

l4The seasonal oscillation in sea level by June Pattullo, W. Muok, R. 
Revelle, 1111d E. Strong. /OJI. Msrine R""6llldr, Vol.14, No. I, pp. SS.155, 
1955. 

Table 5.-Monthly mean air temperature and anomaly at five west coast weather stations. 
Normal temperature is m ean for period 1921-1950 

January l!Xi7-March 1958 
(Temperature in degrees Fahrenheit) 

1957 1958 

Jan. Feb. 1\\ir. Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb, Mar. 

Los Angeles Airport oba •••• ,. 53. 9 59.1 59.9 60. 1 63. 2 69.5 72.3 72. 7 69.0 66.2 60. 1 60. 8 59. 3 60,2 57.9 

Normal •.•••••••• •••••••.•• 53. 2 54.1 S6. 5 59. 2 62.1 64.7 67.6 68. 2 66. 7 63. 4 S9.3 SS. 6 53. 2 54. 1 56.S 

Anomaly,, ••• ••••••• , • • •.• •O. 7 +5. o +3. 4 + 0.9 + 1.1 +4.8 +4. 7 +4.5 +2. 3 +2.8 + 0.8 +5.2 + 6.1 +6.1 + 1.4 

San Francis()) Fed, Bldg. obs • 48.8 54. 0 54. 2 S7. 7 S7. 9 61. 4 59.6 59. 5 63. 6 62. 3 56. 8 51.S 52. 8 56. 2 53. 1 
Normal. ••••••••.•..••..•• 50.1 53.0 54. 9 55. 7 57.1 59. l 58. 9 59. 3 61.6 61. 0 57. 2 51. 9 SO. I 53.0 54.9 

Anolllaly .... ..... ......... - 1. 3 +l. 0 - 0. 7 + 2.0 + 0. 8 + 2. 3 + o. 1 + 0. 2 +2.0 4 1.3 - 0.4 - 0.4 +2.7 + 3. 2 -1.8 

Eureka, Calif., obs. ••• • •••••• 43.3 49.0 49.<l 50.6 54.8 57.2 56. 7 58.3 59.3 56. 2 51.5 49.8 51. 2 53.9 47.7 

Nol'll1al. ..... . . . .... . ..... 47. 2 48. 4 49. l 50.6 S2.9 S5.6 56. 4 57. 0 56. '2 54. 2 51. 3 48. 6 47.2 48.4 4<U 

Anoll'Bly ••• • •••••••••••••• - 3.9 1 0.6 +0.8 0.0 -t-1.9 + 1. 6 -t-0, 3 -t-1.3 + 3.1 + 2.0 + 0.2 + 1.2 +4.0 + 5. 5 -1.4 

Annette, Alaska, obs. •••• •• •• '19. 7 32. 7 39.3 42.9 50.2 53.2 SS. 9 59. 1 57. 7 47. 7 42.8 36.fi 41. l 40. 0 40.6 

Normal . ............. . ..... 34. 6 36.l 38.1 42.6 49.0 54.1 56. 7 58.0 53.2 46.9 41. 0 36. 2 34.6 36. 1 38.1 

Anomaly ... .. ... ... ... ... . -4.9 - 3. 4 + 1.2 +o.3 + 1.2 - 0.9 - 0.8 +1.1 +4.5 +O.R -t-1.8 +o. 4 +6.5 +J.9 + 2.S 

Sitlca, Alaska, obs • • • •• .•• ••• 27.6 31.S 36.8 39.4 46.7 52.2 54. 3 58. 2 55.3 45.4 42.1 33.0 

Normal ....... ... . ••• ••• •• 33.3 34. s 31;. 7 41.0 46. 7 52.1 55.1 56. 2 52. 4 46.0 39. 4 34.3 

Anomaly .... , • , • • .•••• ••• - 5.7 - 3. 0 +0. 1 -1.6 0.0 + 0.1 - 0. 8 - 2. 0 + 2. 9 - 0.6 +2. 7 - 1. 3 

Data from U. S. Weather Bureau. 
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in air cemperature at five coastal stations as 
computed from cemperature records supplied by 
the Weather Bureau. This table shows that some 
increase in air temperature did occur during the 
times of inc reased water temperature. Of spe­
cial significance are the air temperature anoma­
lies for January and February 1958. The air 
temperature highest above normal for the entire 
15-month period occurs during these 2 months 
at each of the four stations reporting, and the 
second highest anomalies occur in these same 
months at three of the four stations. Comparison 
of tables l and 5 shows that for the three weather 
stations north of San Francisco, water tem­
peratures were higher than air temperatures for 
33 of the 42-station-months reporting. Thus the 
occurrence of the warmer air temperatures is 
here interpreted as being the result racher than 
the cause of the warmer ocean waters. Solar 
heacing undoubtedly heated the waters to some 
extent, but the CCOFI report, mentioned earlier, 
states that the warming of the waters offshore 
extended to depths of about 1,000 feet and that 
approximately 4 times more solar heat than the 
region actually received would have been needed 
to cause a change of this magnitude in the water 
temperature. 

Steric oscillations in sea level are chose due 
to changes in che specific volume of che water 
column. Given two water columns of equal mass, 
the one with lower density (greater specific 
volume) will stand at a higher level. Most of 
the variations in the density of se.a water occur 
in the upper 500 feet, with the density decreasing 
(specific volume increasing) with increasing tem­
perature and with decreasing salinity. Obviously 
temperature and salinity measurements for at 
least the upper few hundred feet are necessary 
in order to compute steric sea levels, and the 
present scudy is limited to surface data at 
coastal stations. However, LaFond 15 and Pat­
tullo et al. I 6 have shown that good agreement 
exists between seasonal variations in steric and 
recorded sea levels, but the largest portion of 
the steric change is r elated to temperature 
rather than to salinity changes. Furthermore, 
on examination of salinity anomalies at the 
same stations during the same period, little cor­
relation was found between the salinity and either 
the sea level or the water temperature anomalies. 
Since the seasonal temperature variation has been 
removed by the analytical method used, it is 
only the anomaly in temperature that could af­
fect the sea level anomaly by its effect on the 
specific volume. Even if it is assumed that 
water temperature changes recorded only at the 
surface reflect changes for the upper 500 feet, 

lSSff footnote 13 above. 

the sea level anomalies are too large. to be ac­
counted for primarily by steric change. For 
example, during February 1958 at Crescent City, 
the recorded temperature anomaly of+ I. 7°F would 
have had to extend over a mile in depth in order 
to account for the observed sea level anomaly 
of +0.85 foot as a purely steric rise. This is five 
times the depth to which warming actually oc­
curred.17 Furthermore, the observed increase 
in the sea level anomaly from south to north 
without an accompanying increase in the tem­
perature anomaly militates 1against changes in 
the specific volume as the prime reason for the 
observed conditions. 

Although 1957 appears to be somewhat of an 
exceptional year, Eber and Sette 1 8 state that the 
geostrophic winds as a whole during the pre­
ceding 10 years had an unusualll strong north 
component. The CCOFI studyl supports the 
same concept to the extent chat the north com­
ponent of the wind was reduced during 1957 . This 
10-year abnormality is found reflected in the 
water te mperatures along the coast, for the 
averages for the period 1947-1956areappreciably 
lower than for 1927-1936 or for 1937 -1946. 20 
Thus any return to the earlier conditions would 
appear to be abnormal when r eferred to the 
1947-1956 mean values. A comparison of water 
temperature anomalies for Los Angeles and 
nearby Santa Monica (figs. 2 and 3) shows sub­
stantially higher anomalies at Santa Monica. This 
again illustrates the unusual characteristics of 
the period 194 7-1956, since this is approximately 
the base period for the Santa Monica anomalies, 
whereas the base period for Los Angeles is con­
siderably longer ( 1924-1955). The possibility 
must be considered that rather than being an 
unusual year, 1957 may in fact herald a return 
to longer-period average values. January and 
February 1958 with their exceptionally high 
anomalies hardly fit this concept; but, inasmuch 
as they go still further in the direction of the 
1957 change, they support the suggestion of a de­
parture from the 1947-1956 conditions. 

It must be emphasized that a long-period cycli­
cal variation in geostrophic winds is not pro­
posed nor is the fishing industry advised to 
anticipate 10 fat years following the past 10 lean 
years. It is highly desirable that available data 
on wind, water temperature, and sea level be 
analyzed for evidence of such cycles. 

l7See footnote l above. 
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llllndices of variations in strll!l'lgtb of atmospheric circulation over the 
P8cific Ocean by L. E. Ebef arul 0. E. Sette, unpublished paper delivered 
at the Annual Meeting of tbe Am..-iCl!l'I Geophysical Union, Washington, 
D. C., May 1958. 

19See footnote 1 above. 

20 See footnote 2 above. 
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