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With climate warming, major global changes in the Arctic include: high 
rate of warming; loss of sea ice; acceleration of hydrological cycle.



heat absorption (Perovich et al., 2007), a key process in the ice
albedo feedback mechanism. Stammerjohn et al. (2012) investi-
gated some of the regions of most rapid sea-ice change in the
Arctic (East Siberian, Chukchi, western Beaufort, Kara, and
Barents seas) and reported that between 1979 and 2011, sea ice
had retreated 1.0–1.3 days earlier each year and advanced 1.5–
1.8 days later, resulting in a 2.8 day yr!1 increase in the length of
the open water season. Interestingly, these rates are similar to
the values calculated here for the entire Arctic for the years
1998–2012 (ice retreated 1.15 days earlier each year and advanced
1.49 days later, resulting in a 2.64 day yr!1 increase in the length of
the open water season). Thus, changes in the timing of sea-ice
retreat and advance today over the entire Arctic are similar to rates
measured previously in areas of most rapid change.

We were surprised to see the conspicuously large increase in
the number of open water days in the Barents and Kara seas com-
pared to the rest of the Arctic Ocean (Fig. 5a). We had expected
these changes to be largest in the Pacific sector of the Arctic
Ocean, where the decrease in summer sea-ice cover in recent years
has been the most extensive (Maslanik et al., 2011). Perhaps the
increased advection of warm water into the Arctic from the
Atlantic Ocean (Steele and Boyd, 1998; Dickson et al., 2000) has a
greater impact on the length of the open water season, particularly
on the shallow continental shelf, than on the summer minimum
sea-ice extent.

4.2. Net primary production

The pattern and possible trends in Arctic NPP over time have
received considerable interest in recent years (Sakshaug, 2003;
Pabi et al., 2008; Arrigo et al., 2008a; Belanger et al., 2013). Pabi
et al. (2008) and Arrigo et al. (2008a) reported increases in annual
NPP in the Arctic Ocean between 1998 and 2006 and 2007, respec-
tively, but these secular trends were not statistically significant.
Arrigo and Van Dijken (2011), who extended the NPP time series
to the year 2009, was the first to report a statistically significant
trend in annual NPP for the entire Arctic Ocean, which had
increased by 20% during the 12-year time series. Belanger et al.
(2013) also reported statistically significant increases in NPP, par-
ticularly in the spring. The results presented here, which extend
the time series for another three years to the year 2012, demon-
strate that annual NPP in the Arctic Ocean continues to increase,
now exceeding 1998 values by 30%. Excluding regions with out-
flow shelves, such as the Baffin and Greenland sectors (where

NPP showed little or no change, consistent with observations by
Belanger et al., 2013), the rise in annual NPP between 1998 and
2012 increases to 40%. Although the percent change in NPP is also
higher when the GSM algorithm is used to estimate Chl a concen-
tration, it must be noted that utilizing this Chl a product as input to
our NPP algorithm will underestimate NPP unless the algorithm is
adjusted to match observed NPP values (to compensate for the
lower Chl a concentrations calculated by the GSM algorithm), as
was done for the Arrigo and Van Dijken (2011) algorithm (see
Pabi et al., 2008).

The mechanisms behind this increasing trend in NPP are not
fully known. Obviously, the decrease in sea-ice cover plays an
important role, with increased NPP consistently associated with
higher open water area and a longer open water season.
However, because the Arctic has historically been considered to
be a nutrient limited ocean (Walsh et al., 2005; Tremblay and
Gagnon, 2009; Taylor et al., 2013), annual NPP was not expected
to respond so strongly to the increased light availability associated
with sea-ice loss. In addition, decreased light availability due to
increased cloud cover may partially offset the increased light avail-
ability due to reduced ice cover (Belanger et al., 2013). It is possible
that the increase in annual NPP simply reflects additional regener-
ated production during the extended growing season, with the
amount of new (nitrate-based) production remaining unchanged.
If so, the amount of food available to upper trophic levels (which
is determined by the magnitude of new production) would be no
different from what it was at the beginning of our study period.
However, the regions with the largest increase in annual NPP are
associated with areas that may be receiving new nutrients, either
through advection from the Bering Sea or through upwelling at
the shelfbreak (Fig. 8a). This suggests that a substantial fraction
of the increase in annual NPP may represent a new carbon and
nitrogen source for local marine ecosystems.

One possible explanation for the trend in annual NPP is that NPP
has not really increased, it just appears to be so because of increas-
ing CDOM concentrations in Arctic waters, possibly due to
increased river influx from interior regions of melting permafrost
(Guo et al., 2007; McGuire et al., 2009). Increasing CDOM concen-
tration would be erroneously interpreted by empirical ocean color
algorithms (e.g. OC4v6 and OC3Mv6) as an increase in Chl a con-
centration (Matsuoka et al., 2011), resulting in an overestimate of
NPP. This is unlikely to be the case here, however, because river
plumes and waters characterized by high sediment loads, which
would also contain a high CDOM content, have been excluded from

Table 2
Net primary production (NPP, Tg C yr!1) in different sectors of the Arctic Ocean, 1998–2012. Also included are the percent change in NPP estimated from the linear regression of
the 15-year time series and the p-value for the regression of NPP against year. Significant changes are in bold.

Greenland Barents Kara Laptev Siberian Chukchi Beaufort Baffin

1998 150.2 102.3 49.3 39.6 23.7 28.7 43.3 30.5
1999 159.4 101.5 50.7 45.3 30.0 30.3 30.1 30.2
2000 140.7 124.0 59.9 48.4 31.9 24.1 22.5 32.3
2001 130.2 134.3 70.9 31.1 30.3 27.7 25.9 29.7
2002 145.9 118.0 48.5 44.1 35.2 30.9 25.6 30.1
2003 129.9 116.2 40.6 48.9 38.3 29.9 26.3 29.4
2004 140.5 130.2 66.7 26.2 41.1 34.9 34.1 26.6
2005 127.3 115.6 58.8 43.3 35.9 34.1 29.6 26.0
2006 143.0 148.2 61.1 43.3 30.1 25.1 31.8 33.4
2007 121.1 134.5 83.9 73.4 61.6 39.9 38.2 31.7
2008 137.2 122.1 88.7 44.1 49.2 36.8 40.5 29.3
2009 133.1 127.0 70.6 61.1 38.9 40.0 34.6 36.3
2010 141.4 143.9 74.5 70.3 47.4 29.9 35.9 34.4
2011 131.5 151.0 93.8 80.4 41.1 38.5 43.2 28.5
2012 113.6 129.8 81.3 73.3 42.8 30.5 48.9 32.4

Mean 136.3 126.6 66.6 51.5 38.5 32.1 34.0 30.7
% change !15.2 28.3 79.1 112.4 67.7 42.1 53.1 8.3
p-value 0.013 0.006 0.001 0.002 0.008 0.042 0.019 0.310
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Continued increase in Arctic Ocean net primary production 
(Arrigo and Van Dijken (2015)

Dramatic declines in sea-ice cover in the Arctic Ocean in recent decades 
have the potential to fundamentally alter marine ecosystems.
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agreement between models is the smallest (Chou et al., 2009; Allan, 
2012). A robust feature is the decline of precipitation on the poleward 
flanks of the subtropical dry zones as a consequence of the Hadley Cell 
expansion, with possible additional decrease from a poleward shift of 
the mid latitude storm tracks (Seager et al., 2010; Scheff and Frierson, 
2012). On seasonal time scales, the minimum and the maximum values 
of precipitation both increase, with a larger increase of the maximum 
and therefore an increase of the annual precipitation range (Sobel and 
Camargo, 2011; Chou and Lan, 2012). 

Long-term precipitation changes are driven mainly by the increase of 
the surface temperature, as presented above, but other factors also 
contribute to them. Recent studies suggest that CO2 increase has a sig-
nificant direct influence on atmospheric circulation, and therefore on 
global and tropical precipitation changes (Andrews et al., 2010; Bala et 
al., 2010; Cao et al., 2012; Bony et al., 2013). Over the ocean, the pos-
itive RF from increased atmospheric CO2 reduces the radiative cooling 

of the troposphere and the large scale rising motion and hence reduc-
es precipitation in the convective regions. Over large landmasses, the 
direct effect of CO2 on precipitation is the opposite owing to the small 
thermal inertia of land surfaces (Andrews et al., 2010; Bala et al., 2010; 
Cao et al., 2012; Bony et al., 2013). Regional precipitation changes are 
also influenced by aerosol and ozone (Ramanathan et al., 2001; Allen 
et al., 2012; Shindell et al., 2013a) through both local and large-scale 
processes, including changes in the circulation. Stratospheric ozone 
depletion contributes to the poleward expansion of the Hadley Cell 
and the related change of precipitation in the SH (Kang et al., 2011) 
whereas black carbon and tropospheric ozone increases are major con-
tributors in the NH (Allen et al., 2012). Regional precipitation changes 
depend on regional forcings and on how models simulate their local 
and remote effects. Based on CMIP3 results, the inter-model spread 
of the estimate of precipitation changes over land is larger than the 
inter-scenario spread except in East Asia (Frieler et al., 2012). 

Seasonal mean percentage precipitation change (RCP8.5)

Figure 12.22 |  Multi-model CMIP5 average percentage change in seasonal mean precipitation relative to the reference period 1986–2005 averaged over the periods 2045–2065, 
2081–2100 and 2181–2200 under the RCP8.5 forcing scenario. Hatching indicates regions where the multi-model mean change is less than one standard deviation of internal 
variability. Stippling indicates regions where the multi-model mean change is greater than two standard deviations of internal variability and where at least 90% of models agree 
on the sign of change (see Box 12.1).
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RCP4.5 Haine et al (2015)

RCP8.5 CESM1-BGC

Liquid freshwater volume change in the Arctic Ocean 

freshwater flux from river and P-E
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What is the effect of the accelerating land and atmosphere 
hydrological cycles on the Arctic marine ecosystem?

Arctic Ocean is freshened 
more than other basins

Ocean salinity change is the 
clearest evidence of the 
change of hydrological cycle.



Model and Methods

Model simulation: CESM1-BGC 
(historical+RCP8.5)

Box model: to complement the full ESM 
simulation 

Regression model
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Box model 

Subarctic 
North Pacific
(0-150m)

Arctic Ocean
(150-500m)

Subarctic 
North Atlantic 
(0-150m)

Arctic 
Ocean
(0-150m)



Box model equations
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Box model validation
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Growing freshwater inputs increase stratification  
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Vertical diffusivity is weakened and exchange with the North Atlantic is speeding up.

Warming and freshening increases stratification with more contribution from salinity 
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Increasing stratification depletes surface nutrients 
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lateral supply of nutrients is weakened climate 
with warming 
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Freshwater lens effect is observed in other CMIP5 models
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Nutrient limitation reduces productivity, export 
production and drastically changes phytoplankton 
community composition
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Export production declines by more than 50% 
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Regression model

)"#$(&, () = * + ,×"./(&, () + 0×1#2(&, (

• A multiple linear regression model for export production (POC flux) is set 

up as a function of model surface PAR and mean NO3 in 0-100 m. 

• We use the year 1990 to build up the regression model, which produces 

the coefficients of * = -0.05 g C m-2 day-1, , = 0.009 g C day-1 W-1, 0 =
0.006 g C m day-1 mmol-1. 



Regression model validation
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Contribution of light and NO3 to the change of POC
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Summary
• Polar amplification of hydrological cycle creates a lens of freshwater in the 

Arctic. 

• Continuous freshwater runoff increases vertical stratification of the Arctic 
Ocean and accelerates water exchange with the North Atlantic, significantly 
reducing nutrients in the euphotic zone.

• POC declines by 53%, suggesting high trophic levels are at risk for loss of food 
chain. 

• A preeminent example of land-ocean coupling drive large biogeochemical 
changes.

• Greenland ice melting makes this worse!

• An important next step in this context is to strengthen the representation of terrestrial 
nutrient flows (including mineralization and nitrification), subsequent loading of 
nutrients in rivers, and ultimately nutrient transport through river, estuarine, and coastal 

ecosystems to the open ocean.


