JGR Atmospheres

RESEARCH ARTICLE
10.1029/2019JD031772

Key Points:

« Increase in precipitation variability
does not scale with increase in mean
precipitation toward warmer
climates

« Increase in mean evaporation
toward warmer climates is
important for increase in mean
precipitation during winter

« Variability in poleward moisture
transport is the main source for
precipitation variability in both
seasons and across all climate states

Supporting Information:
« Supporting Information S1

Correspondence to:
R. Bintanja,
r.bintanja@rug.nl

Citation:

Bogerd, L., van der Linden, E. C.,
Krikken, F., & Bintanja, R. (2020).
Climate state dependence of Arctic
precipitation variability. Journal of
Geophysical Research: Atmospheres,
125, €2019JD031772. https://doi.org/
10.1029/2019JD031772

Received 4 OCT 2019
Accepted 26 MAR 2020
Accepted article online 4 APR 2020

Author Contributions:
Conceptualization: R. Bintanja
Formal analysis: L. Bogerd
Investigation: F. Krikken
Methodology: E. C. van der Linden, F.
Krikken, R. Bintanja

Project administration: R. Bintanja
Resources: R. Bintanja

Software: L. Bogerd, F. Krikken
Supervision: E. C. van der Linden, F.
Krikken, R. Bintanja

Visualization: L. Bogerd

Writing - original draft: L. Bogerd
Writing - review & editing: R.
Bintanja

©2020. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

Y od B Eani Shecilog
EARTHAN UPdates
M\J

SPACE SCIENCE

ok

Climate State Dependence of Arctic
Precipitation Variability

L. Bogerd"* (), E. C. van der Linden'” (), F. Krikken", and R. Bintanja'*

'Royal Netherlands Meteorological Institute, De Bilt, Netherlands, *Institute for Marine and Atmospheric research
Utrecht, Utrecht, Netherlands, *Water Systems and Global Change Group, Wageningen University and Research,
Wageningen, Netherlands, “Energy and Sustainability Research Institute Groningen (ESRIG), University of Groningen,
Groningen, Netherlands

Abstract Arctic precipitation is projected to increase more rapidly than the global mean in warming
climates. However, warming-induced changes in the variability of Arctic precipitation, which are related
to surface evaporation and poleward moisture transport (PMT), are currently largely unknown. This

study compares the precipitation variability in different quasi-equilibrium climates simulated by a global
climate model (EC-Earth) and studies the underlying mechanisms. Five quasi-equilibrium simulations of
400 years length forced with a broad range of CO, concentrations (0.25, 0.5, 1, 2, and 4 times the current
global mean) were analyzed. PMT is the dominant source of Arctic precipitation variability in colder
climates when the ocean in the Arctic basin is completely covered by sea ice year-round. Arctic precipitation
variability increases from colder to warmer climates, primarily in summer. In summer, the increasingly
stronger relation between Arctic sea level pressure variability and precipitation variability toward warmer
climates enhances variability. In winter, the severe increase in mean precipitation (due to enhanced
evaporation) exerts a comparatively small increase in variability, and precipitation variability is modulated
by both PMT and evaporation, which oppose each other as they both affect the vertical and meridional
moisture gradients.

1. Introduction

Global warming will affect the Earth's hydrological cycle mainly because of the increasing moisture-holding
capacity of the atmosphere. Hydrological changes can severely affect the living environment of people and
animals, in one instance because the risk of floods increases due to more frequent and intense rainfall
(Hassol & Corell, 2006; IPCC, 2013). A proper understanding of the changes in the hydrological cycle in a
warmer climate is therefore crucial for assessing future climate impacts.

While climate warming will change precipitation rates over large parts of the globe, the increases in the
Arctic region are projected to be particularly severe. The increase in precipitation in the Arctic region is rela-
tively large (4.5% K™) compared to the global value of ~2% K™ (Held & Soden, 2006). This strong increase
can be attributed mainly to sea ice retreat, causing enhanced surface evaporation (Bintanja & Selten, 2014),
with the increased poleward moisture transport playing a secondary role. In addition, the moisture holding
capacity of the Arctic atmosphere increases relatively quickly because the Arctic region warms more
strongly than other parts of the world (i.e., Arctic amplification) due mainly to local feedbacks (Manabe &
Stouffer, 1980; Serreze & Francis, 2006).

Freshening of the Arctic ocean, due to increased Arctic precipitation, ice melt, and enhanced continental
runoff, might affect the source regions of deep water formation as well as the strength of the Atlantic
Meridional Overturning Circulation (AMOC) (Bintanja & Selten, 2014), which can modulate the climate
in Europe (Haarsma et al., 2015; AMAP, 2012) and beyond. Also, the increase in atmospheric moisture
amplifies polar warming by reinforcing water vapor and cloud feedbacks (Eastman & Warren, 2010;
Vavrus & Harrison, 2003). Hence, it is of importance to investigate the hydrological cycle in this region in
more depth, as changes in the Arctic may have regional as well as wide-ranging effects.

Most research on the changing hydrological cycle has focused on assessing trends in mean quantities.
However, strong temporal variations can occur on interannual and decadal time scales, especially in the
Arctic, which can temporarily obscure or enhance long-term trends (Hawkins & Sutton, 2009; Screen
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et al., 2014). Increased knowledge about the (potentially changing) frequency and magnitude of climate
variability, as well as the underlying processes, will thus help interpret climate trends. Moreover, interann-
ual variability of the hydrological cycle is one of the governing aspects of precipitation extremes (Pendergrass
et al., 2017) and hence hydrological impacts.

Internal climate variability in the Arctic is mainly associated with large-scale atmospheric circulation sys-
tems. In the Arctic region, the Arctic Oscillation (AO) is the dominant mode of variability and in terms of
circulation regimes strongly linked to precipitation variability (Boer et al., 2001; Groves & Francis, 2002;
Oshima & Yamazaki, 2004). The relation between atmospheric circulation regimes and temperature varia-
bility will alter toward warmer climates because of the diminishing role of sea ice due to melting (Reusen
et al., 2019; Van der Linden et al., 2017).

Variability in the meridional moisture gradient can alter the Arctic's hydrological variability by affecting
poleward moisture transport (PMT) originated from the subpolar and midlatitudes. Additionally, precipita-
tion variability is locally affected by the availability of open water. In warmer conditions, interannual sea ice
variability will decrease (Reusen et al., 2019), which is expected to affect variability in the amount of atmo-
spheric moisture in the Arctic through surface evaporation. How such changes will combine to affect preci-
pitation variability is, however, not yet understood. Also, the manner through which changes in Arctic
precipitation variability scale with changes in the mean values is unclear, since these may be governed by
different processes.

This study will identify climate mechanisms that govern the variability of the Arctic's hydrological cycle
(with the main focus on precipitation variability) by evaluating model-simulated climate response to dif-
ferent concentrations of atmospheric CO,. Four long climate simulations representing two colder and
two warmer than present quasi-equilibrium climates will be used to elucidate differences in precipita-
tion, evaporation and PMT variability between climate states, and changes in the means. This paper will
discuss processes that contribute to changes in the hydrological cycle, especially temporal variability,
which helps to quantify and interpret future changes in climate extremes in the Arctic, as well as their
potential impacts.

2. Methods

2.1. Model and Simulations

2.1.1. Global Climate Model

Data sets of long duration (e.g., centuries) are arguably the most appropriate way to study (decadal) climate
variability. Unfortunately, reanalyses and observations are not available over sufficiently long time periods.
Moreover, observations in the Arctic are sparse and commonly exhibit long-term forced trends. Therefore,
we will use long quasi-equilibrium simulations of a state-of-the-art fully coupled global climate model
(GCM) to assess climate variability. We will use the EC-Earth model, version 2.3 (Hazeleger et al., 2012),
which was applied in the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012).

In EC-Earth, the atmospheric, oceanic, sea ice, and land surface components are coupled by the Ocean,
Atmosphere, Sea Ice, Soil coupling module (OASIS) (Valcke et al.,, 2003). The Integrated Forecast
System (IFS) of the European Center for Medium-range Weather Forecasts (ECMWF) for the atmo-
spheric component runs at T159 spectral resolution with a vertical resolution of 62 height levels. The
Nucleus for European Modeling of the Ocean (NEMO) model for the ocean uses a horizontal grid con-
figuration with a resolution of approximately 1.1° and a vertical resolution of 42 levels. The performance
of the EC-Earth model in the Arctic in terms of the mean and variability (e.g., AO) can be found in
Koenigk et al. (2013) and Reusen et al. (2019), respectively. The Arctic's oceanic components are eval-
uated by Koenigk and Brodeau (2014) and Sterl et al. (2012). The EC-Earth model realistically simulates
various aspects of the global climate (Hazeleger et al., 2012), the atmospheric dynamics that govern
poleward energy transport (sensible and latent heat) (Reusen et al., 2019) and surface evaporation
(Koenigk et al., 2013).

Equilibrium climate states are appropriate to analyze climate variability because any forced component that
influences the variability is thus eliminated. Therefore, five simulations with fixed CO, concentrations (mul-
tiplications of 0.25, 0.5, 1, 2, and 4 compared to the present-day CO, concentration, Van der Linden
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et al., 2017) were carried out. First, the initial state of the control climate was obtained from a spin-up of a
preindustrial climate simulation over about 1,000 years, after which an integration with present-day forcing
(including greenhouse gas and aerosol concentrations, land use, and solar insolation equivalent to the year
2000) was carried out over 44 years. After this period, the five constant CO, concentrations were applied
instantaneously, after which the integrations continued for another 550 years for each CO, forcing (Van
der Linden et al., 2019). The upper ocean layers are assumed to be in quasi-equilibrium after 150 years
(Van der Linden et al., 2019); hence, here we only use the final 400 years of the simulations.

2.1.2. Evaluation With Reanalyses Data

To evaluate the performance of the EC-earth model in the Arctic, the control simulation with present-day
conditions and forcing was compared to reanalysis data (NASA MERRA-2 (Gelaro et al., 2017),
ERA-Interim (Dee et al., 2011), and NCEP/CFSR (Saha et al., 2010)). Because of the large observational
uncertainties in the Arctic region, and the relatively short time period (especially for decadal variability), a
multireanalyses mean is expected to yield the most accurate “observations” for model evaluation. In addition,
using multiple reanalyses provides an “observational” uncertainty estimate. Hence, we took the average of
the three reanalysis data sets (both in the mean and in variability) and compared values from the period
1981-2010 (being representative for the present-day climate) with those from the EC-Earth control simula-
tion in section 3.1.

2.2. Components in the Arctic Moisture Budget

The Arctic region is defined as the area 70-90°N (Groves & Francis, 2002; Oshima & Yamazaki, 2004;
Sorteberg & Walsh, 2008). Only monthly mean model output (calculated from 1 hr model time steps) was
available for this study. The following model variables were used in the analyses: total precipitation (TP)
(convective + large-scale precipitation), specific humidity, surface evaporation (E), sea level pressure, geopo-
tential height, sea surface temperature, and sea ice concentration. Other climate variables were calculated as
specified below.

2.2.1. Total Precipitable Water

Specific humidity (kg kg’l) (g) was converted and integrated over height to total precipitable water (mm)
(Q). The integration was performed from 1,000 to 20 hPa over 16 height intervals (the moisture concentra-
tion was negligible above 20 hPa). The integration was performed with the trapezoidal method (following
Dufour et al., 2016):

0= -1 j"mP N Z?xjﬁface (qn + qn+1)*(pn _pn+1)

surfaceq D z*g

with g the gravitational acceleration and p the pressure level.

2.2.2. PMT Toward the Arctic

Meridional moisture transport Vqv is usually calculated by evaluating the three-dimensional moisture and
velocity fields along a latitude circle. However, over sufficiently long-time intervals (e.g., seasonal and
annual), the water balance method is quite accurate (Bengtsson et al., 2011), especially when the atmo-
spheric storage term is included (Dufour et al., 2016). Hence, the seasonal moisture transport into the
Arctic (70-90°N) through 70°N was estimated from the following relation (Bengtsson et al., 2011; Groves
& Francis, 2002):

9Q
- =TP—-—E+ —
Vqv + 3t

where the 0Q/dt term was calculated using central differences between monthly values. As temperature
rises, the 0Q/dt term (the tendency of precipitable water) is expected to become more important owing to
the exponential (Clausius-Clapeyron) relation between specific humidity and temperature.

2.2.3. Geostrophic Wind at 500 hPa

The geopotential height (@) at 500 hPa can be used as proxy for the jet stream (e.g., Francis & Vavrus, 2015).
We will use the geostrophic wind (Vg), which was calculated as follows:
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where u and v are, respectively, the zonal and meridional wind components, f the Coriolis parameter
(defined as f = 2 Q sin ¢ with Q (7.2921 X 107° rad s') the rotation of the Earth), A the longitude, ¢ the
latitude, and r the radius of the Earth.

2.2.4. Arctic Oscillation (AO)

Multiple studies have shown a relationship between the AO and meridional moisture transport (Groves &
Francis, 2002; Jakobson & Vihma, 2010; Oshima & Yamazaki, 2004). Because the AO is linked to the polar
vortex, thereby influencing the variability in lower-tropospheric winds which are important for meridional
moisture transport (Groves & Francis, 2002), it alters precipitation variability. In current climate, a positive
AO index is associated with warmer conditions and a strengthened atmospheric circulation over the Arctic.
Through the strengthened circulation, more moisture is being advected toward the Arctic (Oshima &
Yamazaki, 2004), which increases the amount of precipitation in the Arctic region. Therefore, it is vital to
analyze the AO index, in particular because the AO index may become more positive in warmer climates
(Gillett, 2002; Rind et al., 2005).

The AO is the hemispheric expression of the dominant sea level pressure pattern associated with climate
variability over the region 20-90°N (Thompson & Wallace, 1998). The strength of the AO is measured by
the AO index which is defined as the magnitude of the principle component of the first empirical orthogonal
function (EOF) of sea level pressure. The strength of the AO is most pronounced in winter (Boer et al., 2001;
Jakobson & Vihma, 2010), but the AO is potentially more important in summer due to the abundance of
atmospheric moisture (Groves & Francis, 2002).

2.3. Analyses

2.3.1. Interannual and Decadal

Temporal variability on shorter (interannual) time scales is linked to other mechanisms than those that gov-
ern longer-term (decadal) variabilities. Interannual variations are generally associated with atmospheric
processes, whereas decadal variations are often dominated by ocean interactions due to the ocean's compara-
tively high inertia and heat capacity (Reusen et al., 2019). To assess such differences, the time series were
subdivided into high and low frequencies following Reusen et al. (2019). After the annual and seasonal
averages were calculated, and the averaged data were linearly detrended in order to remove any remaining
trend, a fourth-order Butterworth filter with a cutoff frequency of 0.1 year™" was applied. Henceforth, we
subdivide variability into an interannual part (periodicity shorter than 10 years) and a decadal part (longer
than 10 years). Changing the cutoff frequency did not qualitatively affect the results.

2.3.2. Seasonal Patterns

The present-day Arctic climate is characterized by distinct seasonal patterns in the hydrological cycle. In
winter, the variability in the number and intensity of cyclones infiltrating the Arctic region is high compared
to summer (Sorteberg & Walsh, 2008), which is linked to amplified PMT. Furthermore, wintertime evapora-
tion is largest over the North Atlantic (Jakobson & Vihma, 2010), and the AO is most pronounced in winter
(Groves & Francis, 2002; Thompson & Wallace, 1998). In summer, the moisture content of the atmosphere is
highest (Groves & Francis, 2002). Because of the strong seasonality in hydrological variables and processes
that are presumably important for Arctic hydroclimatic variability, we will focus mainly on winter
(December, January, February [DJF]) and summer (June, July, August [JJA]) patterns and the differences
between these seasons.

2.3.3. Variability

The standard deviation was used as a metric for the magnitude of variability, in line with previous studies on
precipitation variability (Boer, 2009; Groves & Francis, 2002; Pendergrass et al., 2017). Relations between
variables were examined by calculating regressions (which indicate the numerical impact of a change in
the independent variable on the dependent variable) and correlations (which indicate how strong two
variables are related). Spatial patterns of precipitation variability were quantified using EOF analysis.
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EC-Earth Reanalysis Difference

Winter

Summer (d)

mm/season mm/season

0 40 80 120 160 200 240 280 —120-90-60-30 0 30 60 90 120

Figure 1. Mean precipitation for EC-Earth (control simulation), reanalyses, and its difference (EC-Earth minus
reanalysis) for winter (a-c) and summer (d—f). The gray and red contours indicate the average 15% sea ice
concentration isopleth in the reanalyses and model, respectively.

A measure of the uncertainty in the means and variability was provided by a bootstrap test (with 1,000
random samples) on the seasonally averaged and detrended time series. In this method, random data points
are taken from the original data set (with replacement), of which a new sample is created. The associated 5th
and 95th percentiles are used to indicate the uncertainties. The same method is used to determine
significance levels in the differences between reanalyses and model-simulated variability: Differences are
marked as significant if the respective uncertainty estimates do not overlap.

3. Results and Discussion

3.1. Precipitation Characteristics of the Arctic and Model Evaluation

3.1.1. Mean Precipitation

The average precipitation in both winter and summer for the EC-Earth control climate and the reanalyses is
shown in Figure 1, together with the respective differences. The contours indicate the mean 15% sea ice con-
centration isopleth, an often-used indication of the sea ice margin (Deser et al., 2000; Zhang et al., 2013).

In general, precipitation decreases with increasing latitude and altitude because of lower air temperatures,
limiting the moisture-holding capacity of the atmosphere. In winter, the highest precipitation rates are
found over the North Atlantic (Figures 1a and 1b). This is due to vertical instabilities caused by the relativity
warm open water but low air temperatures (Serreze & Hurst, 2000), inducing convection and moisture
advection within the North Atlantic storm track (Dufour et al., 2016; Jakobson & Vihma, 2010). Over the
Pacific side of the basin, previous studies found that the North Pacific storm track transports moisture into
the Arctic basin (Groves & Francis, 2002; Sorteberg & Walsh, 2008), although the effect here is smaller com-
pared to the Atlantic side of the Arctic.

In summer, precipitation is more zonally distributed (Figure 1d) which is related to (i) a relatively weak,
low-pressure system over the Arctic Ocean (occurring in both the model simulation (Van der Linden
et al., 2017; their Figure 5d) and the reanalyses (Groves & Francis, 2002; Oshima & Yamazaki, 2004)) that
causes moisture to circulate counterclockwise over the Arctic, (ii) the higher air temperatures result in a
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Figure 2. Similar as Figure 1 but now for precipitation variability. Differences are marked as significant (black dots) if
the uncertainty estimates do not overlap.

more stable near-surface stratification over open water compared to winter (not shown) and smaller
evaporation rates, and (iii) the North Atlantic storm track is weaker compared to winter (Groves &
Francis, 2002), which reduces precipitation rates over the North Atlantic. There is also a relatively strong
precipitation gradient over land-ocean boundaries (with higher values over land; Figure 1d) because of
increased cyclogenesis over the continents (Serreze & Hurst, 2000) and a more unstable near-surface
stratification over land compared to winter, as land is relatively warm compared to air transported from
the (frozen) Arctic Ocean. Summed over the Arctic (both land and ocean), the total summertime
precipitation rate is higher than in winter because the atmosphere can hold more moisture due to higher
air temperatures.

The EC-Earth model is generally able to simulate Arctic precipitation rates fairly accurately, despite the sys-
tematic underestimation in summer (Figure 1f), especially compared to CSFR and MERRA-2. However, it
should be mentioned that the CFSR and MERRA-2 generally produce relatively high Arctic precipitation
rates compared to other reanalyses (e.g., Bintanja et al., 2020). In winter, two main regions can be distin-
guished where the model deviates from reanalyses: (i) The precipitation to the east of Svalbard is overesti-
mated, and (ii) the precipitation to the east of Greenland is underestimated. Both are most likely caused
by the difference in sea ice edge between the model and reanalyses since the ice margin in EC-Earth is
located more to the northwest than in the reanalyses data (Figure 1c). Differences between EC-Earth and
reanalyses are significant everywhere. This is because the detrending resulted in a relatively constant mean
with only small fluctuations over time. The bootstrapping of the differences between the EC-Earth model
and the reanalyses data thus resulted in significant differences for almost every grid point. However, except
for the regions near the sea ice edge, the mean values in the control simulation were always between that of
the lowest and the highest mean value of the three reanalysis data sets.

3.1.2. Precipitation Variability

The simulated and reanalyses precipitation variability is shown in Figure 2. During both winter and summer
(Figures 2a and 2d), the pattern is roughly similar to that of the mean precipitation (Figures 1a and 1d,
respectively). In winter, precipitation variability is highest over the North Atlantic (Figure 2a). This high
variability is most likely caused by fluctuations in the sea ice margin. In addition, the passage of cyclones
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Figure 3. Precipitation variability of the four climate states relative to the control climate in winter (left, a-d) and summer (right, e-h). The black contour
indicates the 15% sea ice concentration isopleth in each climate/season, which is not visible in the 0.25xCO2 (due to extreme southward sea ice expansion)
and 4xCO2 (totally unfrozen Arctic Ocean) climates.

from the North Atlantic storm track and (to a lesser extent) from the Pacific storm track contributes to
considerable fluctuations in PMT. The east of Greenland exhibits strong variability (Figure 2a), which in
previous studies has been linked to the North Atlantic storm track (Groves & Francis, 2002; Sorteberg &
Walsh, 2008).

In summer, the pattern of precipitation variability is roughly similar to the mean precipitation, that is, more
zonally distributed over the Arctic (Figure 2d). The magnitude of variability is stronger than that in winter,
especially in the central Arctic, probably because of the relatively high mean precipitation levels.

For both winter and summer (Figures 2a and 2d), high precipitation variability is observed near the margins
of Greenland. This is due to orographic uplift caused by the high elevation of the ice sheet: As air is forced to
rise, it cools adiabatically, resulting in condensation and precipitation. The high variability at the margins is
then related to large-scale circulation patterns. For example, in positive (negative) AO during winter, the
moisture is transported from the east (west) toward Greenland (Groves & Francis, 2002; their Figure 15),
resulting in precipitation mainly on the eastern (western) side (Figure S1 in the supporting information)
of the ice sheet.

In general, EC-Earth slightly overestimates precipitation variability during winter (Figure 2c), especially
over regions with low variability (an overestimation in the range of 0-4 mm per season over the Arctic
Ocean and Canadian Archipelago). In summer, the differences between the simulation and reanalyses are
more spatially scattered (Figure 2f). The difference in variability between EC-Earth and reanalyses exhibits
a similar pattern as in mean precipitation, with the largest deviations being related to the difference in sea ice
edge location in winter. Otherwise, regions where the differences are significantly different are compara-
tively small. We therefore conclude that, apart from some regional deviations, EC-Earth is able to accurately
simulate precipitation characteristics (means and variability) of the current climate.

3.2. Precipitation Variability in Different Climate States

The difference in precipitation variability between climate states (relative to the control climate) is shown in
Figure 3. Evidently, the total precipitation variability in both seasons increases toward warmer climates (the
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Figure 4. Arctic means (a—c) and variability (d—f) of total precipitation, PMT, and evaporation in winter (blue) and summer (red) for the five climate states (means
over 70-90°N). Error bars for variability indicate the 5th and 95th percentiles uncertainty.

bottom row of Figure 3). Both seasons exhibit a large increase (decrease) of precipitation variability near the
margin of Greenland in warmer (colder) climates. We will focus on the regions within the Arctic with the
largest (changes in) variability.

The increase of precipitation variability near the Greenland coast may follow the already observed trend in
the mean (Mernild et al., 2015) and can be attributed to a combination of both atmospheric moisture avail-
ability and the altered passage of cyclones (Schuenemann & Cassano, 2010). Because precipitable water
increases in warmer climates, more precipitation is forced to fall when the air cools adiabatically as it is
pushed upward onto the Greenland Ice Sheet. The opposite happens in colder climates, as less moisture is
available due to lower temperatures and greater sea ice extent (inhibiting surface evaporation).

Interestingly, the region north of the Barents Sea exhibits reduced variability for both colder (Figures 3a and
3b) and warmer (Figures 3c and 3d) climates in winter. In the control simulation, the sea ice edge is located in
this region, resulting in precipitation variability due to fluctuations in the sea ice edge. In warmer climates,
sea ice retreats northward (which affects surface evaporation) and the inflow of warm ocean water is
enhanced (which influences the vertical temperature gradient in the lower atmosphere (Van der Linden
et al., 2016; Van der Linden et al., 2019), resulting in larger variability in evaporation values (Figure S2)).
Therefore, the variability in precipitation that follows the sea ice edge is shifted northward as well. In colder
climates, the opposite situation occurs (Figures 3a and 3b) as the sea ice expands southward (where variabil-
ity increases) and the influx of warm ocean water is reduced (resulting in reduced evaporation variability,
Figures S2a and S2b).

In summer, the variability increase (decrease) toward warmer (colder) climates is more spatially uniform
over the ocean, as higher air temperatures in comparison to the winter season reduce the vertical tempera-
ture gradients over the open water, thereby increasing atmospheric stability. The patterns of change in pre-
cipitation variability across climate states are quite similar between states. The magnitude of variability,
however, is amplified, especially toward warmer climates. For instance, the increase in precipitation varia-
bility compared to the control climate is more than twice as large for the 4xCO, climate (Figure 3h) than for
the 2xCO, climate (Figure 3g).

Compared to winter, changes in precipitation variability in summer toward warmer climates are more pro-
nounced over the continents. A possible explanation may be found in the occurrence of cyclones, which
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Figure 5. Difference in vertically integrated precipitable water between the various climate states and the control climate
in (left) winter and (right) summer. The shading indicates the standard deviation (also relative to the control climate).

contribute to precipitation variability. Currently, trends seem to hint toward winter cyclones being more
intensified over the ocean, whereas the increase in summer cyclones is more focused over the continents
(Tilinina et al., 2013).

To obtain further insights into the mechanisms behind changes in precipitation (means and variability), it is
helpful to study the various components of the Arctic's hydrological cycle in the atmosphere. To this end, the
Arctic mean and variability of total precipitation, PMT across 70°N, and surface evaporation are shown
in Figure 4.

3.2.1. Changes in the Mean State

Total precipitation is lowest in both seasons for the coldest climate and steadily increases toward warmer cli-
mates. The total Arctic precipitation is (with the exception of the 4xCO, climate) lower in winter than in
summer. In winter, the increase in total precipitation is predominantly driven by the increase in evaporation
(Figure 4c), in agreement with Bintanja and Selten (2014) and Dufour et al. (2016) (the latter attributes the
observed increase in specific humidity over the past 30 years to evaporation). Surface evaporation increases
toward warmer climates because of the retreating sea ice and also the intrusion of relatively warm ocean
water into the Arctic, resulting in enhanced energy exchange between the ocean and atmosphere through
surface evaporation.

PMT through 70°N originates from southerly regions, where the atmosphere contains more moisture com-
pared to the Arctic, due to higher ambient temperatures. Owing to the nonlinearity of the Clausius
Clapeyron equation, the increase in moisture per degree warming toward warmer climates is higher at more
southern latitudes. However, this is partly offset by Arctic amplification (which is strongest in winter
(Koenigk et al., 2013; Screen & Simmonds, 2010)) and the related increase in Arctic evaporation. The differ-
ences in the zonal mean of precipitable water (integrated over height) of the various climate states with the
control climate are shown in Figure 5 which shows that, especially in winter, the meridional moisture gra-
dient remains fairly constant toward warmer climates.

In summer, the increase in total precipitation toward warmer climates seems to be governed by enhanced
PMT (Figure 4b). The warming-induced increase in vertically integrated precipitable water is amplified in
the southern latitudes (Figure 5, right) as Arctic amplification is less pronounced in summer. Therefore,
the meridional moisture and temperature gradients increase toward warmer climates, which tends to
enhance the moisture transport toward the Arctic. The evaporation increases only slightly (Figure 4c)
because higher air temperatures result in a more stable stratification of the boundary layer over the Arctic
Ocean (which is further elaborated on in section 3.5).

3.2.2. Changes in Variability

For all variables and both seasons, the Arctic mean precipitation variability increases from cold to warm cli-
mates (Figure 4d). For all climate states, the variability in total precipitation is (slightly) higher in summer
than in winter, whereas the changes in mean precipitation are stronger in winter. The relatively small
change in wintertime precipitation variability toward warmer climates compared to the change in mean pre-
cipitation is in agreement with the findings of Pendergrass et al. (2017).
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Interestingly, the variability of PMT increases in winter (Figure 4e), even though its mean value is relatively
constant across the various climates. This suggests that changes in the variability of the Arctic hydrological
cycle do not simply scale with changes in the mean atmospheric moisture values, implying that other cli-
mate mechanisms (such as changes in atmospheric circulation) also contribute to the changes in variability.

The various components of the Arctic's hydrological cycle (Figure 4) exhibit three interesting trends that will
be evaluated in more detail in the next sections: (i) The variability in wintertime PMT increases with warm-
ing, while the mean remains relatively constant, (ii) the increase in precipitation variability is relatively
small compared to the increase in mean precipitation, and (iii) the variability in precipitation is higher in
summer than in winter.

3.3. PMT in Winter

Figure 4b shows that the mean PMT in winter is relatively constant among the various climate states (as dis-
cussed in section 3.2), while its variability steadily increases toward warmer climates. Figure 5 shows that the
precipitable water content increases toward warmer climates (in both the Arctic and the midlatitudes).
Hence, even though the wintertime PMT remains roughly constant between the various climates
(Figure 4b), the total amount of atmospheric moisture increases.

Generally, apart from the availability of atmospheric moisture, the mean and variability in PMT are affected
by atmospheric circulation processes, such as the intensity and number of cyclones (the dynamical compo-
nent of PMT will be discussed in more detail in the next sections). Before a cyclone enters the Arctic, in war-
mer climates, it will take up relatively high amounts of moisture due to the higher atmospheric moisture
content. The corresponding moisture transport will thus strongly enhance the precipitable water content
in the Arctic, especially in the warmest climates.

Our results show that the correlation between PMT and Arctic sea level pressure variability is relatively con-
stant toward warmer climate states during winter (r = —0.59, r = —0.56, and r = —0.58 for the control, 2xCO,
and 4xCO,, respectively). Also, the position of the winter North Atlantic jet stream (which is strongly linked
to the position of the storm track) does not change much between the various climates (not shown).

In summary, while the mean PMT is relatively constant due to compensating mechanisms linked to rein-
forced Arctic warming and the nonlinearity of the Clausius-Clapeyron relation, its variability is enhanced
toward warmer climates which is most likely due to higher atmospheric moisture content especially near
the locations of maximum cyclonic activity near 70°N.

3.4. The Influence of Evaporation and PMT on Precipitation Variability During Winter

Figure 4 also shows that the increase of total precipitation variability toward warmer climates is relatively
small compared to the increase in mean precipitation, which has a direct effect on the variability. We expect
that evaporation and PMT oppose each other, because both components influence the atmospheric vertical
moisture gradient. To confirm this hypothesis, the mutual relations between variability in precipitation,
PMT, and evaporation will be analyzed in terms of their phase and governing mechanisms. Additionally,
the time scale of the variability will be considered, since it is expected that the processes governing variability
on shorter time scales will be different from those on longer time scales (as mentioned in section 2.3.3).
Separating between short and long time scales may provide insight in the causes of the spatial patterns
in Figure 3.

It is expected that evaporation variability acts primarily on decadal time scales since it is primarily linked to
the sea surface temperatures and ocean processes. Due to the large heat capacity of the ocean,
atmosphere-ocean interactions induce low-frequency fluctuations in the surface fluxes (Van der Linden
et al., 2016). Hence, it is expected that the correlations between evaporation and sea surface temperature
on decadal time scales are relatively large compared to those on interannual time scales.

Except for the 0.25xCO, (r = 0.53) and 0.5xCO, (r = 0.79) climates, evaporation and sea surface temperature
exhibit correlations smaller than 10.34| on interannual time scales. Decadal variability exhibits stronger cor-
relations for the 0.5xCO, (r = 0.93), control, and 2xCO, (both r = 0.78) climates. The relative low correlation
for the 0.25xCO, (r = 0.42) and 4xCO, (r = 0.22) climates is most likely due to a lack of open water in the
coldest climate and the absence of sea ice in the warmest climate. This indeed emphasizes that evaporation
is linked to oceanic processes and that evaporation is more dominant on decadal time scales.
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Figure 6. (a—e) Regression maps (70-90°N) of surface evaporation on the standardized PMT (the time series of poleward
moisture transport anomalies is divided by its standard deviation) across 70°N in winter for interannual variabilities.
Note that the scaling of Figures 6 and 7 is different.

In contrast, mechanisms associated with atmospheric moisture transport are expected to dominate interann-
ual variability, as atmospheric processes act on relatively short time scales. To assess the time scale depen-
dence of the processes governing precipitation variability and to evaluate whether increased PMT indeed
causes reduced evaporation, regression maps between surface evaporation and the standardized PMT are
shown in Figures 6 and 7 for interannual and decadal variabilities, respectively.

Negative regressions depicted in Figures 6 and 7 can be interpreted as follows: When moist air enters the
Arctic, the vertical moisture gradient between the ocean and the atmosphere decreases, which in turn slows
down evaporation (depending to a certain extent on atmospheric stability). On the other hand, if evaporation
is enhanced, atmospheric moisture in the Arctic region increases which decreases the meridional moisture
gradient, thereby reducing the PMT by eddies.

The interannual variability regressions show that the highest absolute values are found over areas where the
sea ice permanently retreats. This occurs over the North Atlantic (in the 0.5xCO, climate (Figure 6b)), and
this region moves northward and eastward toward warmer climates. However, the variability in sea surface
temperature (i.e., ocean heat transport) does not exhibit a similar spatial pattern (not shown), which strongly
suggests that ocean heat transport is not the driver of interannual variability in evaporation over
these regions.

Additionally, surface evaporation and Arctic precipitable water exhibit a negative correlation for interann-
ual variability (r = —0.42 for the 0.25xCO, climate, r = —0.53 for the control climate, and r = —0.73 for
the 4xCO, climate) averaged over the Arctic. This indicates that when Arctic atmospheric precipitable
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Figure 7. Similar as Figure 6 but now for decadal variability. Note that the scaling of Figures 6 and 7 is different.

water content is high, evaporation is reduced. In contrast, lower precipitable water contents are related to
high evaporation values. Therefore, this negative correlation suggests that the interannual variability in
precipitable water (and consequently, evaporation and precipitation) will most likely be determined by
PMT, although causal relationships cannot be deduced from correlations.

The decadal variability (Figure 7) is, in contrast to the interannual variability, mainly apparent in regions
where the sea surface temperature exhibits decadal variability (Figure S3). In the absence of sea ice, warmer
ocean water enhances atmospheric instability over open oceans in winter. This reinforces turbulent fluxes
(increasing surface evaporation), through which the amount of moisture in the atmosphere increases.
Therefore, precipitable water and evaporation exhibit positive correlation values over the areas of decadal
sea surface temperature fluctuations (while the correlation was negative for interannual variabilities).

This higher atmospheric water content opposes PMT through decreasing the meridional moisture gradient,
resulting in negative regression values between evaporation and PMT (Figure 7). The decadal variability
slightly decreases once sea ice has disappeared and decadal variability associated with the influx of warm
ocean water is displaced further northward (Van der Linden et al., 2017).

For decadal variability, areas of strongly positive regression values can be observed in the North Atlantic
(e.g., in the 0.5xCO, and 2xCO, climates). For these regions, increases in evaporation due to sea surface tem-
perature fluctuations result in a positive regression with the PMT. Two explanations that may result in posi-
tive regressions between evaporation and PMT are put forward. First, positive regressions may be caused by
our definition of PMT: a zonal average along the 70°N latitude circle, meaning that longitudinal variations
are averaged out. Hence, even if the zonally averaged PMT increases, the moisture transport does not neces-
sarily increase along all longitudes.
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Second, the positive regressions may be caused by the dynamical components determining the PMT (e.g.,
pressure systems, wind direction) instead of thermodynamic interactions (i.e., moisture availability), which
was the focus in the discussion about the relation between PMT and evaporation. In the 2xCO, climate,
strong positive regressions are found close to Greenland (Figure 7d). Schuenemann and Cassano (2010) sug-
gested that increased atmospheric moisture due to enhanced evaporation over the Greenland Sea is trans-
ported through cyclones (associated with low-pressure systems) to the east coast of Greenland. Hence,
this would mean that evaporation and moisture transport close to the coast of Greenland reinforce each
other, resulting in positive regressions.

To summarize, precipitation variability is influenced by the interaction between PMT and evaporation since
both influence the meridional moisture gradient in winter. When a distinction is made between interannual
and decadal variabilities in atmospheric moisture, evaporation always exhibits a negative correlation for
interannual variabilities, while decadal variabilities are indicated by positive correlations over regions where
the sea surface temperature fluctuates. Therefore, in combination with the results above, we conclude that
interannual precipitation variability in the Arctic is predominantly controlled by PMT, whereas decadal
variability is predominantly controlled by Arctic surface evaporation.

3.5. Higher Summer Variability Compared to Winter

Figure 4d shows that, relatively speaking, the increase in total precipitation variability from cold to warm
climates is stronger in summer than in winter. In the previous section, we elucidated the role of the interac-
tions between evaporation and PMT in winter and thereby argued why the increase in wintertime precipita-
tion variability is relatively small.

In summer, PMT and surface evaporation also exhibit a negative correlation, but the regressions are much
weaker (not shown). The lower regression values are expected to be caused by the higher air temperatures
due to incoming solar radiation, resulting in smaller vertical temperature gradients (and therefore moisture
gradients) between the ocean and atmosphere (e.g., a more stable stratification of the atmospheric boundary
layer over the Arctic Ocean). A smaller vertical gradient reduces the energy transfer between the ocean and
the atmosphere (via turbulent fluxes), resulting in relatively low evaporation values.

To verify whether stability over the oceans is indeed stronger in summer, we analyzed the components of the
total precipitation (i.e., convective and large-scale) separately. The first is associated mainly with local-scale
vertical instabilities (e.g., fluctuations in vertical gradients), while the second is associated with large-scale
dynamics (e.g., moisture convergence and orographic uplift). Therefore, it would be expected that winter-
time surface evaporation is positively correlated with convective precipitation, whereas it should be nega-
tively correlated with large-scale precipitation (since this is associated with reduced PMT, as explained in
the previous paragraph). The correlations between convective and large-scale precipitation and with surface
evaporation for both seasons are shown in Table 1.

The correlation between convective and large-scale precipitation decreases toward warmer climates in win-
ter but remains roughly constant in summer. Table 1 verifies that in winter, except for the coldest climate (in
which the ocean is completely frozen and the correlation with PMT is strongest), convective precipitation
and evaporation exhibit a strong positive correlation, while the correlation between large-scale precipitation
and evaporation becomes increasingly negative for warmer climates. This indicates that winters with rela-
tively high large-scale precipitation (due to enhanced PMT), convective precipitation is reduced. As a conse-
quence of the enhanced transport of relatively warm and moist air into the Arctic, the atmospheric
instability and evaporation over the oceans are reduced, resulting in less convective precipitation in winter.

In summer, however, both large-scale and convective precipitation are not strongly correlated with evapora-
tion. Due to the ice-free and warmer ocean, convective precipitation is reduced over the ocean (in agreement
with Serreze & Hurst, 2000) and therefore shows a decreasing and even insignificant correlation with eva-
poration toward warmer climates. Convective precipitation is then more localized over land and is more
dependent on the PMT. Because large-scale and convective precipitation are both related to PMT during
summer, both contribute to precipitation variability, thereby increasing its magnitude. This subdivision in
precipitation types thus provides an explanation for the various processes associated with precipitation
variability changes between summer and winter.
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Table 1
Correlations Between Convective Precipitation and Large-Scale Precipitation for the Different Climate States, Evaluated Separately for Winter and Summer

. Convective-large scale Large scale-evaporation Convective-evaporation Convective-PMT
CO, concentration
Winter Summer Winter Summer Winter Summer Winter Summer

0.25x 0.64° 0.56. 0.06, 0.05_ 037, 038 0.64. 0.65.
0.5x 0.48* 0.53* 0‘14** —0.23* 0.76* 0.10 0.29 0‘67*
Control 0.15 0.60* —0.12* —0.32* 0.81* 0.01 0.03 0.73*
2X —0.05 0.57* —0.29* —0.24* 0.82* —0.06 0.00 0.73*
4x —0.03 0.61 —0.39 —0.34 0.76 —-0.10 0.09 0.79

*p < 0.01. **p < 0.05).

However, it remains unclear why the changes in precipitation variability during summer (with respect to the
control climate) are larger than the changes in mean summer precipitation. The correlation between PMT
and precipitable water in the Arctic during summer is low across all climate states (not shown). This is
due to both the abundance of moisture in summer and increased stability (compared to winter) over the
open water inhibiting convective precipitation (Groves & Francis, 2002; Serreze & Etringer, 2003).

The low correlation between precipitable water (thermodynamical component of moisture transport) and
PMT hints at an increased occurrence of more (intense) cyclones in warmer climates in summer (dynamical
component of moisture transport). This is supported by several studies (Sorteberg & Walsh, 2008; Tilinina
et al., 2013), which reported increased activity of summer cyclones over the last 50 years, during which
the global (and Arctic) temperature has been increasing strongly. To provide an (indirect) indication of
the prevalence of cyclones, the correlation between PMT and geostrophic wind speeds is shown in
Figure 8 for the three warm climate states in summer.

Figure 8 shows that the correlation between PMT and the geostrophic wind speed increases toward warmer
climates, especially over northern Eurasia. If the cyclonic activity becomes more intense in warmer climates,
the efficiency (e.g., stronger upward motions) through which precipitation is formed increases (even though
models diverge in their future projections). This is already observed in recent observations (Tilinina
et al., 2013). In combination with the greater abundance of atmospheric moisture, the increased cyclonic
activity likely leads to enhanced precipitation variability in summer.

Another source of precipitation variability in summer can be attributed to the AO. In winter, the correlation
between the AO index and precipitation does not exhibit a clear pattern across the different climate states
(the Arctic average correlations between the AO index and precipitation variability across different climate
states are 0.12, 0.34, 0.54, 0.43, and 0.55, respectively). In summer, the correlation is fairly high for all cli-
mates and slightly increases toward warmer climates (the Arctic average correlations between the AO index
and precipitation variability across different climate states are 0.56, 0.50, 0.61, 0.60, and 0.67, respectively).
The regions of highest regression values are located near the Pacific side of the Arctic basin, the Canadian
Archipelago, and West Greenland, and also, these values increase toward warmer climates in
summer (Figure S4).

It can be concluded that Arctic precipitation variability during summer is higher than in winter because of (i)
a greater abundance of atmospheric moisture, (ii) more intense cyclonic activity toward warmer climates,
and (iii) a relatively weak counteracting relation between evaporation and PMT due to higher air tempera-
tures in summer.

3.6. Caveats and Limitations

A limitation of this study is that the only difference between the five climates was the atmospheric CO, for-
cing that is applied; other components such as land cover (ice and vegetation) and other greenhouse gas con-
centrations and aerosols were kept at their current levels/distributions. While these simulations are
therefore not realistic scenarios for past and future climates, this study aims at understanding the processes
associated with Arctic variability and its dependence on climate states, rather than quantifying such changes
in a realistic future scenario.
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Figure 8. (a—c) Correlation between PMT and geostrophic wind speed at 500 hPa in summer for the three warm climate
states.

Only one global climate model (EC-Earth) was used to assess long equilibrium climates, including warmer
and colder than present climates. Using one model has the advantage of being able to focus in detail on pro-
cess understanding but prohibits a discussion on uncertainties associated with model specifics (e.g., the reso-
lution of EC-Earth is coarse relative to regional Arctic models, and cloud processes such as cloud water/ice
composition and vertical transport of water vapor linked to inversion strength are relatively uncertain). A
recent multimodel (CMIP5) study generally supports our results, that is, the increasing importance of eva-
poration for mean precipitation and the importance of the PMT in explaining projected increases in
Arctic interannual precipitation variability toward warmer climates (Bintanja et al., 2020). We evaluated
the simulated variability in Arctic precipitation for the current climate with reanalyses data and found lar-
gely good agreement.

Only monthly data could be used in this study. This time scale makes it more difficult to link variabilities to
cyclonic activity because these have a time scale shorter than a month. Also, this makes it unfeasible to per-
form lead-lag analyses between evaporation within the Arctic and moisture transport across 70°N, because
the transport of moisture from the extratropics toward the Arctic occurs on time scales shorter than 1 month.
For further research, the use of daily time steps is recommended to study the causal relationship between
Arctic evaporation and PMT.

The focus of this study has been on winter and summer. In spring and fall, however, the amount of precipi-
tation influences sea ice melt (e.g., slower melt in years with more snowfall) and growth (e.g., postponed ice
growth in years with enhanced rainfall). These spring/autumn changes might modulate important feedback
mechanisms (such as increased surface evaporation triggering precipitation).

The time series were filtered with a Butterworth filter with a cutoff frequency of 0.1 year™ to distinguish
between interannual and decadal variabilities. We also explored the use of a rolling window to smooth
the signals, but the Butterworth filter was found to possess a sharper cutoff (Figure S5).

Because we used the geostrophic wind at 500 hPa, it is difficult to separate the changes in moisture transport
due to either the thermodynamical (q) or the dynamical (v) component. Inclusion of the wind components
would enable differentiation between the mean, time deviation, and zonal deviations of the moisture trans-
port (Boer et al., 2001; Dufour et al., 2016) and hence might provide new insights in the origin of precipita-
tion variability, an endeavor to be investigated in a subsequent study.
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4. Conclusion

Currently, little is known about the variability in the hydrological cycle of the Arctic region and especially
about how it will change toward other climates. This study shows that precipitation variability increases
toward warmer climates but does not directly scale with increases in the mean values. Wintertime precipita-
tion variability is governed by both PMT and evaporation, which oppose each other as they both influence
the vertical and meridional moisture gradients (e.g., if moisture transport increases, it reduces the vertical
moisture gradient, which slows down the evaporation). The PMT is found to be dominant on interannual
time scales, whereas the evaporation caused by sea surface temperature variability dominates on decadal
time scales.

Our study illustrates the effects of changes in the climate on the means and the variability in Arctic
precipitation (and related processes) and provides insights into the mechanisms that govern the changes
in the hydrological cycle across different climate states and time scales. Our results, therefore, help to
quantify and interpret changes in climate variability in the Arctic. To our knowledge, this is the first
study discussing both the interannual and decadal variabilities in Arctic precipitation, in which a seaso-
nal distinction is made. Because the mechanisms behind variability are found to be seasonal and climate
state dependent, this study contributes to an improved understanding of all aspects of the Arctic hydro-
logical cycle variability.

A better understanding of climate variability is important because long-term variability can obscure trends
and because variability is associated with precipitation extremes (Pendergrass et al., 2017). Increased varia-
bility in the Arctic hydrological cycle also modifies surface runoff, which can alter changes in the salinity
distribution of the ocean and thereby the oceanic circulation (Davies et al., 2014). On top of that, the changes
in variability are especially enhanced in regions with amplified mean changes, for example, the margins of
Greenland, leading to increased wet extremes that might impact society (e.g., water availability and infra-
structure damage) (Vihma et al., 2016).
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