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Changes in the amount and timing of the dischargefanajor Eurasian Arctic rivers have
been well documented, but whether or not these chgeas can be attributed to climatic
factors or to the construction of major reservoirsremains unclear. Here we endeavour to
identify the key processes (snow cover and air terepature) that have regulated seasonal
streamflow fluctuations in the Eurasian Arctic ove the last half century (1958-1999), and
to understand the regional coherence of timing treds, using a set of Eurasian Arctic rivers
selected specifically because they have minimal négtion (dam construction) effects. We
find a shift toward earlier onset of spring runoff ranging from modest (26 of 45 stations) as
measured by an index of spring pulse onset, to stng (39 of 45) by a centroid of timing
index. Winter streamflows increased over the perioaf record in most rivers, suggesting
that observed trends in larger regulated Eurasian Actic rivers may not be entirely
attributable to reservoir construction. Upward trends in air temperature appeared to have
had the largest impact on spring and summer flowsofr tributaries in the coldest of the
major Eurasian Arctic river basins (e.g., the Lena) While the overall duration of snow
cover has not significantly changed across the Eus&an Arctic, snow cover disappearance
has trended earlier in the year and appears to beetated to the increased May and

snowmelt season fractional flows.

Pronounced land surface process changes have edanrthe Arctic in recent decades. Surface

air temperatures generally have risen while préeatipin has remained largely unchanged,;

satellite data show that average snow cover extest decreased, especially in spring and

summet 2 Modest changes in accumulated spring snowpacklezah to substantial runoff
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changes during the late spring and early summewrsit period, affecting the seasonal
distribution of streamflow * > Over approximately the same period, the dischafgeurasian
Arctic rivers have increased, mostly in witftér Despite anecdotal relationships between these
changes, they have occurred contemporaneouslytétisonstruction of large dams on many of
the major tributaries of the largest Eurasian Ardtrers over the last 50 years, and the extent to
which observed Arctic river discharge trends atdbattable to climatic change, as contrasted

with river management effects, remains unétéaf & % 1°

One implication of the ablation of snow cover earln spring is that some of the energy that
was used to melt snow during a longer snow cov&sa@eis now absorbed by the ground,
resulting in a positive feedback mechanism whemliface warming and advection of heat to
surrounding snow covered areas in turn leads t@ mwowmelt. Furthermore, some of this
increased surface energy is available to melt pieasta For this reason, it has been suggested
that permafrost melt may play a role in observedrrdischarge changes for the colder river
basins in the eastern Eurasian Arctic such as ¢éima Lwhereas for the relatively warmer river
basins of the western Eurasian Arctic, precipitand evapotranspiration changes may provide
a plausible explanatir?’ X Conversely, reservoir regulation effects are lsinin nature

(increasing winter discharge and decreasing sammtgsummer discharge) to those expected as a

result of earlier spring snowmél¢" > ?

The runoff from the Lena, Yenisei and Ob’ Riversntined represents 45% of the total riverine
flux of freshwater to the Arctic Ocean of about 86@n3/yeaf. We focused on rivers within

these three large basins for this reason, and bedhay reflect a strong east to west temperature
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gradient, with correspondingly differing permafrestent and seasonal snow cover dynamics.
From a list of 1968 potential streamflow gaugeshenR-ArcticNet database (http://www.r-
arcticnet.sr.unh.edu/) and RivEAs45 stations fulfilled our criteria of unregulats@tions with a
long discharge record (1958 — 1999), and were dsesldor our subsequent analysis (see

Methods section).

The first streamflow timing characteristic we catesied was spring pulse onset (SPO). SPO is
defined as the date of the beginning of snowmeitrdd streamflow when the cumulative
departure from the mean annual flow is at its mimimhi* ** The day on which the mass of flow
before and after is approximately equal is knowthascentroid of timing (CT). CT provides a
time-integrated perspective of the timing of snowraad represents the overall distribution of
flow for each yeat*. Monthly and seasonal fractional flows (FF) arértil as the ratio of the
streamflow that takes place in a given month oseedo the total streamflow in the water year.
Spring season FF is the ratio of the streamflowoarg in May and June, summer FF for July

and August, and winter FF for December, JanuaryFaimauary.

Analysis of the SPO time series for the 45 statginsved a 0 — 12 day shift earlier at 27 gauges
and a shift later (ranging from 2 — 4 days) atrémaaining 18 stations (Fig. 1a). Due to the
considerable interannual variability in the SPQuesl only 4 trends of the 27 shifts to earlier
SPO were statistically significant (p=0.10, a thiadd used throughout our work), and none of
the 18 trends toward later SPO were. Althoughatatvith trends toward earlier SPO were
located in all three basins, they tend to be prilgnaoncentrated in the colder Lena and Yenisei

basins.
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Overall annual flow timing, as quantified by the @Enerally showed shifts earlier in the water
year at a much larger fraction of stations tharSBO. 39 gauges had trends toward earlier CT
(between 1 — 24 days), 12 of which were statidticagnificant (Fig. 1b); 48% of those trends
were larger than 5 days. 6 gauges had trends doatar dates, 2 were statistically significant.
For 33 of the stations, CT was positively corredateth SPO (r = 0.1 — 0.6); however, the
correlation was statistically significant for orll® of the 33 gauges. This suggests that SPO
alone may not explain the changes in CT. Amongpthasible explanations for the shift in CT
are: (i) increased precipitation (more rain evén(g) modifications in frozen ground activity
(melting of permafrost especially during the winseasong)*°and (iii) warmer spring
temperatures causing a quicker snowmelt period thargh SPO is not occurring earlfer .
While changes in CT alone are not necessarilyaélad timing of snowmelt, movement of both
CT and SPO to earlier dates suggests that snovsymdturring earlier in the year, and

contributing to a peak annual discharge that iswike moving earlier into the year.

Trends in spring FF and in summer FF are additiomtators of possible shifts in the timing of
snowmelt runoff. May FF increased at 26 of the gau@ statistically significant) (Fig. 2a),
whereas June discharge decreased for 32 of thegddgtatistically significant). Statistically
significant trends were mostly at higher latitutkgisns, towards the eastern part of the region,
and mostly within the Lena basin (Fig. 2b). Overslimmer FF decreased at 25 of the gauges
with some of the stations experiencing up to 30%@ekeses in streamflow, particularly in Lena
River tributaries, where changes were most evidadtmore likely to be statistically significant.

26 of the gauges in the Lena showed a decreasayistdeamflow, 6 of which were statistically
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significant (Fig. 2d). The trend of decreasing ftoir June and July appeared to be a

compensation for the increased May FF.

Increasing winter discharge trends were observedI®f the 45 gauges. The trends were
statistically significant for 12 of the 41 gaugesiavere distributed across the entire study
domain (Fig. 3). It is particularly noteworthy thithese trends are similar in character to those
observed in larger rivers that have been affecyegbervoir construction, suggesting that this
may not be the dominant cause of winter flow treslolserved in previous studigs Instead,
increases in winter streamflow are consistent Withhypotheses of permafrost melting,

expedited by the conductive heat transfer fromeksing snow covéf: 3

Correlations between SPO and spring FF, summenBmvanter FF, showed that SPO was often
correlated with spring FF, with statistically sificant correlations at 21 of the 45 stations
(Supplementary Fig. S1). The snowmelt season ddntras mostly negatively correlated with
summer flow, consistent with previous studies tiaate found that winter and spring discharge
increases are accompanied by reductions in latensurand early fall streamflows™ #
Spring flows were positively correlated with thenvar flow centroids for 11 of the gauges (7
statistically significant). This suggests thatpfiag FFs are increasing, then it is likely that

winter flows are also increasing. The link betw#egse two seasonal flows may be an increase

in mean temperature as discussed below.

To investigate the relationships between seasaregmflow and monthly mean surface air

temperature, the centroid of the drainage basisiscasted with the 45 streamflow gauges were
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paired with the basin average of 28 Global Hisairlimatology Net (GHCNY stations.
Temperature appeared to have a large impact omgsand summer flows in the relatively cold
Lena basin and the intermediate Yenisei basinhbue little effect in the much warmer Ob’
basin (Fig. 4). For the stations in the Lena basigher mean temperatures particularly in
December and January were associated with highemgeason streamflow but the
relationships were not statistically significantghier mean spring and summer temperatures
produced lower summer discharge. For the Ob ands¥ebasins, the correlations were not
statistically significant except in June. Springrsuer temperature and fractional flows for the
Lena and Yenisei basin were positively correlatedftr the warmer Ob’ basin, the relationship
was inverse. This suggests that temperature mélege streamflow in the colder basins, but
another mechanism (such as changes in snow caeerpjpation and evapotranspiration) may
play a larger role in the warmer Ob’ basin. Itlsogpossible that temperature is influencing the
Ob’ discharge trends to some degree but the efégetspposite of that for the Lena and Yenisei

basins.

Trends in four snow cover variables, snow coveagpgarance (SCD), snowmelt period (SMP),
snow cover onset (SCO), and snow free duration |S¥De also analyzed for the period of
1972 — 2000 (see Supplementary Information). Osulte indicate that the snow cover duration
has not changed much over the period of recordthatithere have been changes in snow cover
timing. For all three basins, SCD has moved aarit® the year while SMP has been
decreasing since the early 1980s for all threenlsa#iiis is consistent with trends in CT and
spring season FF and may help explain why chamg€d iare larger than in SPO. With the

exception of the Yenisei basin, SCO has trendexl, |eading to a longer SFD. SPO and SMP
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were statistically significantly correlated for #iree basins, with the highest correlation
occurring in the Ob’ basin (Table 1); this may hekplain the streamflow trends observed in the
Ob’ (i.e. temperature is inversely correlated vatieamflow). Both measures indicate that the
snowmelt period has become shorter and has movkelr éa the year. Marked changes in

timing of the SMP (i.e. the rapidity of the snowtsason) and changes in May FF may account
for the timing changes in SPO and CT, where th& btiannual flow is now occurring earlier in

the year due to the earlier melting of snow cover.

The overall implication of this study is that thlaé spring snowmelt has moved earlier in the
year over much of the Eurasian Arctic. May rivesatiiarge has increased while summer flows
have decreased. Winter flows are increasing ovest wicthe region, changes that appear to be
climatically driven as the streams studied are maily affected by reservoir regulation. Our
analysis suggests that an accelerated snow meperolonged snow free duration, and delay
of the onset of snow cover are the main contritsutorspring and summer/peak flow timing

trends and that reservoirs alone cannot explaioliserved trends.

Methods

One obstacle to our evaluation was that most ofRb&rcticNet station data were archived as
monthly accumulations or averages, a time intetvat is too long to evaluate streamflow timing
changes effectively. Although R-ArcticNet VersionO4includes some stations with daily
discharge dafa®, the number of such stations that have long disgheecords (> 40 years) is
quite small. We therefore developed a disaggregataheme (see Supplementary Information)

to partition the monthly streamflows to daily vadueWe compared the values so obtained with
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observed daily discharge for a small number ofiatatin the R-ArcticNet database that had
daily values. Our inferred long-term continuouslylatreamflow time series were generally

comparable to the observations with respect tatia@acteristics used in our analysis.

GHCN temperature stations were chosen to be wiiinkm radius of the drainage basin

centroid so as to provide representative surfaceemperatures for the drainage basin. If more
than one GHCN station was located within the 50rkdius of the basin centroid, the observed
temperature data were aggregated using an invatsace- algorithm(weighted according to the

square of the distance).

Snow cover data from 3 October 1966 through 23 l@utd 999 were obtained from Northern
Hemisphere EASE (Equal Area Scalable Earth)-GricekeSnow Cover and Sea Ice Extent
Version 3% and are represented as presence-absence for ZA&iE grids. Grid cells with more
than 50% snow cover were assigned a binary valde otherwise the grid cell was assigned a
value of zero. This method of assigning snow casent, while ignoring subgrid variability,
provides the fastest and simplest method to deterrsnow cover disappearance and onset.
Limitations in the use of this Northern Hemisphen®w cover data have been noted by several
authors® % Although the snow cover records date back to 196882 is the first year that the

records over the Eurasian Arctic are complete.

Temporal trends were analyzed using the non-paranMann-Kendall test. Linear trends were
tested using both least squares linear regressidthg non-parametric Mann-Kendall slope.

Correlations tests between seasonal streamflowsrama cover were analyzed using the
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Pearson’s “r" linear correlation coefficient whicha measure of the linear association between
two variables™. To test for whether ‘' is statistically signifintly different from zero, the test

statistic tis approximately distributed as Student’s t wit@ degrees of freedom.

Acknowledgements

We thank A. Shiklomanov for comments and reviewlata.

References

1. Comiso, J. C. A rapidly declining perennial seadoger in the ArcticGeophys. Res. Lett
29(20),1956 (2002).

2. Brown R. D. Northern Hemisphere snow cover varigbdnd change, 1915-97. Climate
13,2339-2355 (2000).

3. Yang, D., Zhao, Y., Armstrong, R., Robinson, D. €Bzik, M.J. Streamflow response to
seasonal snow cover mass changes over large Silvemiarsheds]. Geophys. Re&12,
F02S22 (2007).

4. Yang, D. Q., Kane, D., Hinzman, L., Zhang, X., Zhah. & Ye, H. Siberian Lena river
hydrologic regime and recent changeGeophys. Re$07(D23),4694 (2002).

5. Adam, J.C., Haddeland, 1., Su, F. & LettenmaieR.Csimulation of reservoir influences on
annual and seasonal streamflow changes for the, Yamasei and Ob' Rivers. Geophys.
Res112,D24114 (2007).

6. Peterson, B. J. et al. Increasing river dischavgle Arctic OcearScience298,2171-2173
(2002).

7. McClelland, J. W. et al. A pan-Arctic evaluationadfanges in river discharge during the
latter half of the 20th centurgeophys. Res. Le83,L06715 (2006).

8. Shiklomanov, A. |, Lammers, R.B., Rawlins, M.AmBh, L.C. & Pavelsky, T.M. Temporal
and spatial variations in maximum river dischangaf a new Russian data sétGeophys.
Res 112,G04S53 (2007).

9. Adam, J.C. & D.P. Lettenmaier, D.P. Applicationnaiw precipitation and reconstructed
streamflow products to streamflow trend attributiomMorthern Eurasial. Climate21(8),
1807-1828 (2007).

10.Su, F., Adam, J.C., Bowling, L.C. & LettenmaierPDStreamflow simulations of the
terrestrial Arctic domainl. Geophys. Resl10,D08112 (2005).

11.Smith, L. C., Pavelsky, T.M, MacDonald, G.M., Shiklanov, A.l. & Lammers, R.B. Rising
minimum daily flows in Eurasian suggest a growinfjuence of groundwater in the high-
latitude water cyclel. Geophys. Resl12,G04S47 (2006).

12.Voérosmarty, C.J., Fekete, B. & Tucker, B.A. Rivastharge Database, Version 1.1 (RivDIS
v1.0 supplement). vailable throudp the Institute for the Study of Earth, Oceans, &pdce /
University of New Hampshire, Durham NH (USA) (1998)

10



224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

13.Barnett, T., Dumenil, L., Schlese, U., Roeckne&H.atif, M. The effect of Eurasian snow
cover on regional and global climate variatiohsAtmos. Sci46,661-686(1989).

14.Cayan, D. R. Interannual climate variability andwpack in the western United Statés.
Climate 9,928-948 (1996).

15. Stewart, I.T., Cayan, D.R. & Dettinger, M.D. Chasgeward earlier streamflow timing
across western North Americh.Climate 18, 1136-1155 (2005).

16.Serreze, M. C. et al. Observational evidence adimechange in the northern high-latitude
environmentClim. Changet6, 159-207 (2000).

17.Peterson, T. C. & Vose, R.S. An overview of thelialcHistorical Climatology Network
temperature databadgull. Amer. Meteor. Soc78,2837-2848 (1997).

18.Dudley, R. W. & Hodgkins, G. A.Trends in timing, gratude, and duration of summer and
fall/winter streamflows for unregulated coastakribasins in Maine during the 20th century:
U.S. Geological Survey Scientific Investigationpdte2005-502126 p. (2005).

19. Armstrong, R. L., & Brodzik, M.J. Northern Hemisphee ASE-Grid weekly snow cover and
sea ice extent version Boulder, Colorado USA: National Snow and Ice Daémter.
Digital media (2005).

20.Ye, H., Cho H. & Gustafson, P.E. The changes insRuswinter snow accumulation during
1936- 83 and its spatial patterdsClim, 11, 856-863 (1998).

21.Frei A. & Robinson D.A. Northern hemisphere snoweax regional variability 1972-1994.
International Journal of Climatolog¥9, 1535-1560 (1999).

22.Helsel D. R. & Hirsch R.MStatistical methods in water resources (Studiesnwironmental
science, Vol. 49(Elsevier, New York, 1992).

11



Figures

&0 80" 100° 120° 140°
o | " Trends (days/42 years)
(a)

a0’
.::- 5 days later @ 0 — 5 days earlier

@ 0-5 days later.

> 5 days earlier
75"

&0"

45" F . st
| B L . 1
&0; aa; 100 120; 140"
60 30 100 120 140
90" 7 T T T a0"
() I'rends (days/42 years)

.::- 5 days later @ 0 — 5 days earlier
@ 0-5 days later

> 5 days earlier
75" Eer

[ilvly

45" F

. d 45
100"

Figure 1: (a) Trends in SPO (day of year markirglibginning of the snowmelt season) and (b)
trends in CT (the date when accumulated flow beéme after is equal).

12



(@)

Trends (%/42 years)

@159 @< 15%
Q@110-+1152@ -15-10%
@i5-+10% @ —10-5%
“@0-+% @ —5-0%
AP<010

(b)

Trends (%/42 years)

@159 @< 15%
Q@:110- 1152 -15-10%
@+5-+10% @ —10-5%
“@0-+% @ —5-0%
AP<010

(©)

Trends (%/42 years)

@®:>115% @<-15%
Q@110-+15%2@ -15- 10%
@ 15— +10% @ —10-5%
“@0-+5% @ -5-0%
APp<010

0

(d)

Trends (%/42 years)

@159 @< 15%
Q@:110-+152@ -15-10%
@i5-+10% @ —10-5%
“@0-+% @ —5-0%
AP<010

(e)

Trends (%/42 years)

@15 @<-15%
@+10-+15% @ -15-10%
@ +5-+10% @ —10-5%
00— +5% @ -5-0%
S AP<0.10

A}

(f)

Trends (%/42 years)

@59 @<-15%
@+10-+15% @ -15- 10%
@ +5-+10% @ —10-5%
00— +5% @ -5-0%

Figure 2: Monthly fractional flow linear trends f@a) April, (b) May, (c) June, (d) July, (e)
Snowmelt Season Fractional Flow (MJ), and (f) Sum&eason Fractional Flow (JA).

13



@)

Trends (%/42 years)

@159 @< 15%

(©)

Q@:110- 1152 -15-10%
@+5-+10% @ —10-5%
“@0-+% @ —5-0%
AP<010

(b)

Trends (%/42 years)

@159 @< 15%

Q@:110- 1152 -15-10%

@15 110% @ 10-5%

®0—+5% ® 5-0%

Ap<010

@159 @< 15%

Trends (%/42 years)

Q@110-+115%2@ -15-10%
@i5-+10% @ —-10-5%
@ 0-+5%

Ap<010

® 5-0%

(d)

Trends (%/42 years)
@:>115% @<-15%
Q@:110-+152@ -15-10%

@+5-+10% @ -10-5%
0 0-+5%

Ap<010

® 5-0%

and (d) Winter seasonal fractional flow (DJF).

Figure 3: Monthly FF (fractional flow) linear tresidor (a) December, (b) January, (c) February,
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Figure 4: Mean snowmelt and summer FF as a fumctionean surface air temperature for the
months of April (Row 1), May (Row 2), June (Row 3)ly (Row 4) and August (Row 5).
(Column 1: Lena, Column 2: Ob’, Column 3: Yenis@&garson’s R correlation coefficients are
indicated in each panel.
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Tables

Table 1: Pearson’s correlation coefficients betw@atumn 2) SPO and SCD, and (column 3)
SPO and SMP. Trends that are significant at p<@ highlighted in bold.

Basin SCD SMP
Lena 0.078 0.348
Ob’ 0.084 0.600
Yenisei -0.088 0.501
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