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Enhanced poleward moisture transport and
amplified northern high-latitude wetting trend
Xiangdong Zhang1*, Juanxiong He1,2, Jing Zhang3, Igor Polyakov1, Rüdiger Gerdes4, Jun Inoue5

and Peili Wu6

Observations and climate change projections forced by
greenhouse gas emissions have indicated a wetting trend
in northern high latitudes, evidenced by increasing Eurasian
Arctic river discharges1–3. The increase in river discharge
has accelerated in the latest decade and an unprecedented,
record high discharge occurred in 2007 along with an extreme
loss of Arctic summer sea-ice cover4–6. Studies have ascribed
this increasing discharge to various factors attributable to
local global warming effects, including intensifying precip-
itation minus evaporation, thawing permafrost, increasing
greenness and reduced plant transpiration7–11. However, no
agreement has been reached and causal physical processes
remain unclear. Here we show that enhancement of poleward
atmospheric moisture transport (AMT) decisively contributes
to increased Eurasian Arctic river discharges. Net AMT into
the Eurasian Arctic river basins captures 98% of the gauged
climatological river discharges. The trend of 2.6% net AMT
increase per decade accounts well for the 1.8% per decade
increase in gauged discharges and also suggests an increase
in underlying soil moisture. A radical shift of the atmospheric
circulation pattern induced an unusually large AMT and
warm surface in 2006–2007 over Eurasia, resulting in the
record high discharge.

Theoretical estimates by the Clausius–Clapeyron equation and
observations have indicated an increase of ∼7%K−1 in lower
tropospheric moisture content under global warming forcing12,13.
As a consequence, poleward AMT is expected to be enhanced,
even if changes in atmospheric circulation are trivial13. Accord-
ingly, precipitation would increase, contributing to an intensified
hydrological cycle, especially in northern high latitudes. This has
beenmanifested in Eurasian Arctic rivers1,14. Meanwhile, modelling
studies suggest that global-warming-induced degradation of per-
mafrost, increase in greenness and reduction of plant transpiration
in northern high latitudes may also contribute to the intensified
hydrological cycle and increased river discharges8–11.

However, large uncertainties exist in observations and models
owing to the lack of direct or accurate measurement and realistic
treatment of the above-mentioned processes15–17. For example,
precipitation measurements are sparse in northern high latitudes
and exhibit large cold-season biases ranging from 50 to 100%
(refs 14,18); state-of-the-art climate models have simulated and
projected substantially different rates of increasing precipitation3.
On the other hand, northern high-latitude atmospheric circulation
has experienced amplified temporal fluctuations and radical spatial
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shifts5,19, which would further strengthen AMT and alter AMT
pathways under increasing atmospheric moisture. This dynamic
effect has not been well resolved or has been neglected in many
studies. It therefore remains unclear which physical process is the
leading driver of the observed increase in Eurasian river discharges,
including the record high 2007 discharge6.

To better understand the predominant driver behind the in-
creased river discharges, we examined AMT. The net AMT for
a closed river basin represents regionally integrated precipitation
minus evapotranspiration and the changing rate of atmospheric
water content. River discharge represents a spatial integral of
net surface water budget in the river catchment, including water
input from precipitation and loss by evapotranspiration, subject to
modification by soil and vegetation water storage. As mentioned
above, large errors and sparse observations exist in precipitation
measurements. Evapotranspiration acquires even larger uncertain-
ties owing to empirical assumptions in its calculation. Nevertheless,
wind and specific humidity used in AMT computation are regularly
measured at meteorological stations with great fidelity. The use
of AMT, therefore, should enable surface water budgets to be
quantified with enhanced accuracy, improving understanding of
the impacts of atmospheric circulation dynamics on the intensifying
hydrological cycle.

The data used include wind and specific humidity from
the National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) reanalysis20,
with mass-correction by an improved approach that builds on a
previously suggestedmethodology21 (Supplementary Information).
The gauged monthly river discharges are from the Arctic Rapid
Integrated Monitoring System (http://rims.unh.edu). The Ob,
Yenisei and Lena are the largest Eurasian Arctic rivers, and
the longest and most complete observations, back to the 1930s,
have been made at their most downstream gauge stations
(Supplementary Information). During our analysis period of 1948–
2008, the gauged discharges from these three rivers amounted to
1,579 km3 yr−1 in climatology, representing an area of 795×104 km2

(Fig. 1), 66.4% of the total gauged climatological Eurasian Arctic
river discharges of 2,379 km3 yr−1 and 60.3% of the total gauged
Eurasian river catchment area of 1,318× 104 km2. We therefore
chose these three river basins as representative of all Eurasian Arctic
rivers to study their changes.

To lay solid groundwork for bridging AMT and river dis-
charges, we conducted a climatological analysis by computing
annual net vertically integrated AMT (equation (1)) within the
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Figure 1 | Climatological annual net AMT and river discharges. Climatology of annual net AMT converged into and river discharges from the three large
Eurasian rivers, Ob, Yenisei and Lena, from 1948 to 2008. Red and sky blue columns, as well as their embedded values, show annual net AMT and river
discharge, respectively. Yellow dots denote the location of the most downstream gauge stations where the river discharges were observed. Shaded dark
grey and coloured areas demonstrate the Arctic river drainage basins; black lines within show streams and rivers. Green, blue and magenta highlight the
Ob, Yenisei and Lena river basins, respectively.
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Figure 2 |Year-by-year annual net AMT and river discharge. Annual net
AMT converged into the Ob, Yenisei and Lena river basins (red solid line)
and annual discharge from these three rivers (blue solid line) from 1948 to
2008. The five-year running means were applied to detect QDV of net
AMT (red dashed line) and discharge (blue dashed line). The linear trends
are derived from the linear regression.

three representative river basins from 1948 to 2008 (Fig. 1).
The climatological annual net AMT into the river basins is
quantified as 1,610 km3 yr−1 including 447 km3 yr−1, 595 km3 yr−1
and 568 km3 yr−1 into the Ob, Yenisei and Lena basins, respectively.
Comparison with river discharges indicates that annual net AMT
accurately captures the gauged climatological discharges, not only
for all basins but also for each individual basin with differences
below 2%, except for the Ob River with 7.2%, perhaps owing to
its significant endorehic component. This provides strong evidence
that AMT has been the fundamental contributor to climatological
river discharges during the past 60 years.

Superimposed on their climatologies, the annual net AMT
and river discharges exhibit large interannual–decadal variability
and conspicuous long-term changes (Fig. 2). When tracking year-
by-year fluctuations, we readily find that discharge is generally
consistent with net AMT in both phase and amplitude; AMT
takes a lead in many years owing to its different seasonality from
discharge (Supplementary Fig. S3). Most discharge occurs between
mid-May and October; peak volume appears near the beginning
of this timeframe. Much of this discharge comes from AMT that
was stored as snow until the spring and then discharged into the
river basins. Considering the different seasonality, we conducted

a statistical analysis based on water year (September–August,
Supplementary Fig. S4), showing a detrended correlation coefficient
of 0.46 between discharge and net AMT interannual variability at
a 99.8% level of significance by using the non-parametric random
phase method22. This suggests that the annual net AMT variability
explains a predominant fraction of the discharge variability,
indicating the former’s leading role in regulating the latter. The
remaining variance of variability could be attributable to year-
to-year alteration of land-surface properties, such as permafrost,
vegetation, groundwater storage and so on.

Annual net AMT and discharges also show quasi-decadal scale
variability (QDV, Fig. 2). The QDV has an obviously shorter time
period than the previously detected multidecadal variability of
Arctic surface air temperature23,24 (SAT), excluding a sole driving
role of multidecadal SAT variability in AMT and river discharge
QDV. This mismatch suggests dynamic and thermodynamic
interplays within AMT. Atmospheric capacity for holding water
fluctuates with SAT multidecadal variability. Nevertheless, the
actual regional atmospheric water budgets are critically determined
by dynamic processes of atmospheric circulation. The mismatch
may also result from low-latitude variability but needs to be
examined in further study. The QDV component of net AMT
and discharges peaked around the 1950s, 1970s and 2000s. The
detrended correlation coefficient between the net AMT and
discharge QDV components reaches 0.72, indicating an increased
governing role of AMT in river discharge on quasi-decadal scales.
Interestingly, the positive QDV phase lasted for a longer time in
the latest decade than previously, perhaps implying a tendency of
frequency reddening shift.

The long-term upward trends of the annual net AMT and river
discharges are conspicuous from1948 to 2008. Discharges increased
at a rate of 2.7± 0.8 km3 yr−1 yr−1. A previous study identified a
trend of discharge increase at 2.0±0.7 km3 yr−1 yr−1 for 1936–1999
from six Eurasian rivers1. We calculated this trend focusing only
on our selected three largest rivers and found an increase of
1.7± 0.7 km3 yr−1 yr−1 from 1936 to 1999. Our newly estimated
trend of 2.7 ± 0.8 km3 yr−1 yr−1 from 1948 to 2008, therefore,
suggests an accelerated discharge increase when the timeframe
shifts to the latest decades. The increasing rate is enhanced by
59%. Specifically, the previously estimated total discharge from
six Eurasian rivers increased by 7% from 1936 to 1999, suggesting
that the trend-based annual discharge in the late 1990s was about
128 km3 yr−1 greater than in the mid-1930s. Our result here reveals
that the discharge increase from the selected three rivers was
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Figure 3 |ARP-based composite analysis of sea-level pressure, SAT and AMT. The sea-level pressure (red and green lines) and SAT anomalies (shaded in
colours) in the a, positive and b, negative ARP phases. c Their differences are depicted. The AMT in the d, positive and e, negative ARP phases and f, their
differences. The SAT anomalies were computed using a climatology derived from 1958 to 1997. The colours in d–f show the AMT magnitudes.

further amplified to 10.6% (1.8% per decade) based on the linear
trend from 1948 to 2008. The discharge from these three rivers is
161 km3 yr−1 higher than that in the late 1940s.

Net AMT increased even more than the river discharges, at a
rate of 3.9±1.4 km3 yr−1 yr−1 from 1948 to 2008; a net 232 km3 yr−1
more atmospheric water was transported into the three river basins
in the 2000s than in the late 1940s. This amount indicates a
15.6% increase (2.6% per decade) in net AMT during the past 60
years, sufficient to supply the increase of 10.6% in river discharges
discussed above. Considering that the water supply from the
atmosphere is the predominant source of surface water, and the
net AMT and river discharge computed above are climatologically
close, our results suggest that the increase in AMT, rather than local
water recycling owing to changes in land-surface properties, is a
leading driver of the increased river discharges.

Furthermore, the net AMT increased more than the river
discharge, suggesting increased soil moisture, depending on the
amount of water remaining in the atmosphere. To clarify this, we
computed atmospheric water content over the three river basins
for 1960–1969 and 1999–2008 when net AMT and river discharge
went to minimum and maximum, respectively (Fig. 2). The annual
mean water content was about 93.6 (97.0) km3 during 1960–1969
(1999–2008), indicating an increase of 3.4 km3 (∼3.6%). Similar

analysis shows that the annual mean net AMT increased about
355 km3 (∼24.8%), from 1,431 to 1,786 km3, and the annual mean
river discharge increased about 182 km3(∼11.8%), from 1,533 to
1,714 km3, between these two periods. Consequently, most of the
increased water from AMT went through the atmosphere into the
underlying soil and rivers. Given that net AMT represents regionally
integrated precipitation minus evapotranspiration, precipitation
dominates evapotranspiration, which may lead to wetter soil on an
annual basis and perhaps provide a physical interpretation of the
increased groundwater storage measured by the Gravity Recovery
and Climate Experiment satellites25.

Net AMT also demonstrated larger-amplitude interannual and
decadal fluctuations than did river discharges (Fig. 2). This could
be accounted for by the longer memory of land-surface processes
than of atmosphere and the slowly varying modulation of water
storage in soil and vegetation, both of which can damp amplitude of
discharge fluctuations. Moreover, the warming climate has resulted
in thawing permafrost, whichmay increase infiltration of soil water,
thereby reducing surface runoff and probably increasing baseflow
generation. The enlarged phase lag between the net AMT and
discharge in recent years could be a manifestation of the change
in land surface. However, these finer-scale processes have not been
quantitatively explained; this requires further investigation.
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A record high discharge was reported in 2007 (refs 6,26),
accompanying extreme loss of summer sea-ice cover4,5. A closer
examination reveals that net AMThad reached a record high earlier,
in 2006, and continued to be high in 2007 (Fig. 2). We identified
that the occurrence of extreme AMT and discharge events can be
attributed to the same causal factor responsible for the rapid sea-ice
changes, that is, the radical shift of the atmospheric circulation
with positive polarization of the Arctic rapid-change pattern (ARP)
in 2006–2007, as a consequence of an accelerated northeastward
shift of North Atlantic storm tracks5,27. Composite analysis based
on the ARP index indicates an intensified Icelandic low that
extended far northeastwards into the Barents Sea and towards the
Eurasian coast when positive ARP dominated during 2006–2007,
compared with the extent when negative ARP dominated before
2006 (Fig. 3 and Supplementary Information). Meanwhile, the
Siberian high substantially weakened and contracted southwards as
ARP transitioned from negative to positive.

Corresponding to the atmospheric circulation changes, large
warm SAT anomalies occurred over the Eurasian continent owing
to enhanced heat transport by the intensified Icelandic low during
2006–2007 when ARP swiftly went to positive phase (Fig. 3).
The simultaneously weakened Siberian high also contributed to
the warm anomalies by reducing outgoing radiative cooling.
Simultaneously, AMT, calculated by equation (2), was obviously
intensified over theNorth Atlantic and pronouncedly extended into
the Eurasian river basins. By contrast, AMT weakened and curved
strongly northeastwards over the North Atlantic before it reached
the Eurasian continent before 2006 when ARP was negative. As a
result, an unusually large net AMT occurred over the Eurasian river
basins. The interplay of large AMT and warmed SAT led to record
high river discharges.

Here we quantitatively establish the relationship between
dynamic AMT and Eurasian river discharges in a warming climate
(Supplementary Table S1). Although increased global atmospheric
water content is attributed to rising air temperature, a changed
atmospheric circulation is the route by which global warming
forcing exerts dynamic effects on water redistribution. The in-
creased river discharge and precipitation over Eurasian river basins
mainly originated from outside through enhanced AMT, rather
than through local water recycling. Before the 2007 record high
discharge, an unprecedentedly high AMT and anomalously large
warm SAT occurred. Their phase difference reinforces our earlier
finding that changes in atmospheric circulation lead the observed
rapid changes in many other components of the Arctic climate
system, exemplified by the record low sea ice and record high river
discharge in 2007 (refs 4–6). This also clarifies that the record high
river discharge cannot be attributed to a hypothesized enhancement
of evaporation owing to extremely reduced sea-ice cover (Sup-
plementary Information). Our results here have great potential to
improve understanding of hydrological interactions among climate
system components, such as water vapour’s contribution to polar
amplification, and carry important implications for density-driven
ocean circulation in the Arctic and North Atlantic that impact sea-
icemass balance, broad-scale climate variability and ecosystems.

Methods
AMT and net AMT converged into the river basin. To compute AMT and
its net convergence into the river basin, we used original six-hourly spectral
output in the terrain-following σ coordinate from the NCEP–NCAR reanalysis,
instead of the post-processed physical variables in spherical and pressure (p)
coordinates20. The σ coordinate is a scaled p coordinate by surface pressure, that
is, σ = pps. The NCEP–NCAR reanalysis has a horizontal spatial resolution of
T62 (∼1.875◦ in spherical coordinate) with 28σ levels vertically. Using the model
assimilation system’s original σ coordinate data avoids boundary problems caused
by the intercept between pressure surface and terrain in the regular p coordinate
and errors resulting from interpolation from the model’s σ levels to p levels.
σ -level data also better represent boundary-layer structures, where humidity
usually reaches maximum. The net AMT converged into the river basin in the σ

coordinate is expressed by:

Net AMT=
∫
basin

(
∇ ·

∫ 0

1

psqv
g

dσ
)
dS (1)

and the AMT at each grid point is:

AMT=
1
g

∫ 0

1
psqv dσ (2)

where ps is the surface pressure, q the specific humidity, v the wind vector
and g the gravity acceleration.

∫
basin ·dS is the areal integral over the river

basin. The wind vector v used here is mass-corrected to insure global dry air
mass conservation and data homogeneity throughout the study period (see
Supplementary Information).

To accurately compute AMT, we directly used spectral coefficient data output
from the model assimilation system available for divergence, vorticity and specific
humidity. We applied spectral decomposition to express AMT by using the
available spectral coefficients for its quantitative calculation. Details about spectral
decomposition can be found in the literature28. Finally, we used the first-order
conservative remapping approach to interpolate AMT data onto the 0.5◦×0.5◦
pan-Arctic river drainage data set29,30.
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