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 Trends toward lower nutrient concentrations in the subarctic 
 North Pacific  (Freeland et al. 1997; Ono et al. 2002; 2008) 

← Shallowing mixed layer depths ← Global warming  
 

 N decrease < P and Si decrease (Watanabe et sl. 2008) 
← Increasing atmospheric nitrogen deposition  

(Duce et al. 2008; Kim et al. 2011) 
 

 Decadal variations in upper ocean nutrient concentrations have also 
been reported in the North Pacific  

(Pena and Varela 2007; Di Lorenzo et al. 2009; Yasunaka et al. 2014). 
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Presentation Notes
As one response to global warming, shallowing of the mixed layer of the ocean, and trends *** has been reported in several regions of the subarctic North Pacific.
Among the macro nutrients, the decrease of nitrate has been less prominent than the decreases of phosphate and silicate.
Increasing atmospheric nitrogen deposition has been considered as one explanation for the weak trend of nitrate .
Decadal variations in upper ocean nutrient concentrations have also been reported in the North Pacific.
However, these earlier studies were depended on the limited obsrvations or for short periods of time.



Observational data 
1975-1990 

1991-2005 

Watanabe et al. (2008) 

Ono et al. (2008) # Nutrient Sampling (2001-2010) 
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For example, Ono et al. used these dotted observations for showing the difference in these two periods, and Watanabe et al. showed the time series at these four stations.
The National Institute for Environmental Studies (NIES, Japan) and the Institute of Ocean Science (IOS, Canada) have carried out surface nutrient sampling from a ship-of-opportunity in the North Pacific



# Nutrient Sampling (2001-2010) 

Ship-of-opportunity sampling for nutrients 

Whitney (2011); Yasunaka et al. (2014) 

• NIES and IOS have carried out ship-of-
opportunity nutrient sampling. 
 
 
 
 
 
 
 

• Surface water samples were manually 
collected from the seawater lines, 
routinely at 2 or 3 samples per day.  
 

• Sampled nutrient tubes were stored 
frozen, then analyzed by colorimetric 
techniques in the onshore laboratories.  

 
• Ship-of-opportunity nutrient sampling 

improved data coverage of bottle 
samplings by the research vessels. 
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This figure shows ***.



Observational data 

Present study elucidate spatial patterns and temporal changes in the long-
term variability of surface nutrient concentrations, using ship-of-opportunity 

observations with bottle samples collected by research vessels. 

1975-1990 

1991-2005 

Watanabe et al. (2008) 

Ono et al. (2008) # Nutrient Sampling (2001-2010) 



Nutrient sampling at ocean surface 
# Nutrient Sampling (1961-2012) 

WOD  NIES  IOS  PACIFICA  
JAMSTEC monitor  Line-p 
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This slide shows the spatial and temporal distribution of *** from ***.
Colors show which database the data are from.
WOD includes a lot of data in whole periods, but most of them are in the coastal regions.
After the late 1980s, IOS and NIES SOO sampling are main part of samplings in open ocean.
In this figure, color shows the number of the samplings, and we can see that data spread over the wide area of the North Pacific, and there are many samplings in coastal region, 137degree line, 165degree line, line-P, and main cargo ship root between Japan and Canada.
Using these data, we made gridded products for easy application of statistical analyses.



raw 

OI 

2001/01 

Interpolation error 2 < 0.7  

Optimal interpolation (1961/01−2012/12) 

Correlation scale: 
Zonal: 23° 
Meridional: 20° 
Temporal: 3-month 

SN ratio: 1.5 

Nitrate 2001/01 

[μmol/l] 
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After statistical quality control, we applied optimal interpolation for getting long-term gridded product.
First, I calculated the correlation scale and SN ratio from the long-term means, and got ***.
Using these values, we obtained the gridded nutrient values.
For example, in 2001/01, there are several volunteer ship lines and other observations.
After the OI, these observations were smoothly interpolated like this.
OI product still includes many grids which have no values.
However, empty grids are much less than the raw data.



1961/01 2012/12 

Optimal interpolation (1961/01−2012/12) 

http://www.jamstec.go.jp/res/ress/yasunaka/nutrient/index.html 
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As a result, we got the gridded products of P, N, and Silicate from 1961 to 2012.
This product are freely opened on the web cite.



(a) PDO index / NPGO index / Trend 

PDO 
Pacific Decadal Oscillation 

NPGO 
North Pacific Gyre Oscillation 

Trend 

Decadal & long-term variability 
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PDO and NPGO are known as the first two dominant variation in the North Pacific climate.
And long-term trend of the surface nutrient has been reported as an response to global warming.
Therefore, these three indices are multiply regressed onto the nutrient anomaly fields obtained by the OI.
These figures show regression patterns of ***



(a) PDO index / NPGO index / Trend 

PDO 
Pacific Decadal Oscillation 

NPGO 
North Pacific Gyre Oscillation 

Trend 

Decadal & long-term variability 
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We also apply multiple regression analyses to the surface density and surface wind data to examine how the PDO, NPGO, and linear trends affect nutrient variability by changing physical conditions.
Changes of surface density are closely related to changes of the mixed layer depth (e.g., lower density is associated with a shallower mixed layer depth). 
Changes of surface winds induce changes of horizontal advection via Ekman transport (e.g., a westerly wind anomaly induces southward Ekman transport in the Northern Hemisphere).



PDO: entrainment + advection → nutrient 
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When the PDO is in its positive phase, nutrient concentrations in the western North Pacific are significantly higher than the climatological mean values, and those in the eastern North Pacific are significantly lower. 
Regression patterns of the three nutrients are similar to each other, and the ratios of the regression coefficients of each nutrient are approximately consistent with Redfield stoichiometry. 
The signs of the changes of nutrient concentrations associated with the PDO are generally the same as the signs of surface density changes throughout the North Pacific. 
When the PDO is in its positive phase, the density is greater, implying that the SST is lower and the mixed layer deeper in the western Pacific. 
A deepening (shoaling) of the mixed layer would induce an increase (decrease) of nutrient concentrations via enhanced (weakened) entrainment of subsurface, nutrient-rich water. 
Wind changes associated with the PDO also induce changes in horizontal advection. 
When the PDO is in its positive phase, intense westerly winds force nutrient-rich water southward from the subarctic to mid latitudes.
So, we can conclude that the PDO related nutrient change is derived from the changes of entrainment and advection related to the PDO.




NPGO: entrainment + advection → nutrient 
(b) Phosphate 

(c) Nitrate 

(d) Silicate 

(e) Surface density 

(f) Surface wind 
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When the NPGO is in its positive phase, nutrient concentrations in the subarctic are significantly higher than climatology. 
The regression patterns of the three nutrients are similar to each other. 
The signs of the changes of nutrient concentrations associated with the NPGO are generally the same as the signs of the changes of surface density in the subarctic. 
When the NPGO is in its positive phase, the density is greater, the SST is lower, and the mixed layer deeper.
A mixed layer deepening would induce an increase of nutrient concentrations via enhanced entrainment of subsurface, nutrient-rich water. 
In addition, stronger westerly winds force more nutrient-rich water southward from higher latitudes.



(b) Phosphate 

(c) Nitrate 

(d) Silicate 

(e) Surface density 

(f) Surface wind 

Long-term trend 
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The 52-year trends of phosphate and silicate concentrations are negative over a wide area of the North Pacific. 
In contrast, the nitrate trend is negative only around 50°N, 160°E and is positive in most of the other subarctic regions. 
From the sensitivity tests, these patterns are not robust.



(e) Surface density 

(f) Surface wind 

Long-term trend 

P: −0.012 ±0.005 μmol/l/dec 
N: −0.001 ±0.013 μmol/l/dec 
Si: −0.38 ±0.13 μmol/l/dec 
N*: 0.020 ±0.021 /dec 
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We focus here on the trends averaged over the North Pacific.
Trends of phosphate and silicate averaged over the North Pacific are *** and ***, whereas the nitrate trend averaged over the North Pacific is ***.

Surface ocean density is decreasing.
The surface wind trend is very weak. 
The trends of phosphate and silicate concentrations toward lower values are related to the increasing stratification of the upper ocean.




Estimate of entrainment reduction 
1. Obtain ρ data from T and S data from 

Ishii and Kimoto (2009). 
 

2. Convert the surface ρ-trend into a 
long-term trend of MLD by using the 
climatological ρ-profiles during 
summer at the climatological MLD in 
winter.           → 2.3 ± 0.9 m decade–1 
 

3. Assuming that annual new production 
is constant (c), determine the winter 
nutrient concentration at year i+1 
(ni+1

w) from the winter nutrient 
concentration at year i (ni

w), the winter 
mixed layer depth (hi+1

w), and summer 
euphotic zone depth (hs): 
ni+1

w = {(ni
w – c) ha  

+ [a + b (ha + hi+1
w)/2](hi+1

w – ha)}/hi+1
w 

 

by Freeland et al. (1997). 
 

4. Integrate this equation over 52 years. 

ρ 

hw 

hw 

ha 

na nw 

N 

c 

a 

Δρ 

Δhw 
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Next, we estimate the reduction of nutrients entrained in the upper ocean during the winter by shoaling of the winter mixed layer depth.
I cannot explain here, but 



Entrainment effect 
P: −0.014 ±0.006 μmol/l/dec 
N: −0.19 ±0.09 μmol/l/dec 
Si: −0. 45 ±0. 21 μmol/l/dec 

Observed trend 
P: −0.012 ±0.005 μmol/l/dec 
N: −0.001 ±0.013 μmol/l/dec 
Si: −0.38 ±0.13 μmol/l/dec 

P and Si trend ← deepening MLD 

N trend ← deepening MLD + anthropogenic N depositions 

 
• Global anthropogenic N depositions：  

54 TgN/yr (Duce et al. 2008 and references therein) 
 

→ If it is uniformly distributed in the upper 500 m of the ocean,  
it increases the N concentration by 0.2 μmol/l/dec. 

Long-term trend 

Presenter
Presentation Notes
As a result, we estimate the average rate of change of nutrient concentrations to be ***.
These calculated rates of decline of nutrient concentrations correspond well with the observed rates of decline, with the exception of nitrate.
The trends of phosphate and silicate concentrations toward lower values are therefore related to the increasing stratification of the upper ocean.
If the external input of nitrogen is uniformly distributed in the upper 500 m of the ocean, anthropogenic nitrogen deposition would increase the nitrate concentration by roughly ***.
The order of magnitude of the effect of external nitrogen input is comparable to the mixed layer shoaling effect estimated in this study.
Therefore, we consider that the nitrate trend derived from the cancellation of deepening MLD by anthropogenic N depositions.



Summary 

 By using extensive ocean surface nutrient concentration 
data, we elucidated the spatial patterns of the nutrient 
concentration variabilities, which can be explained by 
changes in horizontal advection and vertical mixing 
related to the PDO and the NPGO. 

 We also determined surface trends of phosphate and 
silicate averaged over the North Pacific that corresponded 
well with the effect of shoaling of the mixed layer. 

Yasunaka et al. (2016), Geophysical Research  Letters, 43(7),  3389-3397 
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Of course, data is not enough for our understanding.
For example, spatial pattern of trend of surface nutrient cannot obtain by my analysis except for the average over the North Pacific.
Seasonal changes of PDO- and NPGO-related patterns and the long-term trends also cannot be detected.
Further observations over a wide area and for a long period of time will be necessary to clarify them.
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