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ABSTRACT

The wetness of high-latitude land surfaces is strongly dependent on the difference between
precipitation (P) and evapotranspiration (ET). If climate models are to capture the trajectory of
surface wetness in high latitudes, they must capture the seasonality, the variations and the drivers
of variations in the surface moisture fluxes. In this study, a combination of regional climate
model output and eddy covariance measurements from flux tower locations in Alaska is used to
evaluate model simulations of the surface moisture fluxes and their variations. In particular, we
use the model output and the field measurements to test the hypothesis that temperature is the
key driver of variations of ET in tundra regions underlain by permafrost, while precipitation
plays a greater role in boreal forest areas. Although the model depicts a stronger hydrologic
cycle (larger P, larger ET) relative to the in situ measurements at all the sites, the strong seasonal
cycles of P, T, and ET are captured by the model. The tower measurements from all sites show a
short period (one or two months) of negative P-ET during summer, indicative of surface drying,
although the model does not show this period of drying in the tundra region in the foothills of the
Brooks Range. At all the tundra sites, both the flux tower data and the model simulations show
that daily and warm-season totals of ET are largely temperature-driven. Daily ET shows a weak
negative correlation with precipitation in the measurements and in the model simulations of all
the sites. Precipitation is the main driver of year-to-year variations of the seasonally integrated
net moisture flux at all the sites, implying that precipitation will be at least as important as

temperature in the future trajectory of surface wetness.

Keywords: Evapotranspiration, precipitation, Arctic, tundra, boreal forest, moisture budget



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

1. Introduction

Some of the largest and most consequential uncertainties in the trajectory of the Arctic
climate system are associated with the hydrology of the Arctic terrestrial surface. The challenge
facing the research community is to provide a scientifically sound response to the fundamental
question: Will Arctic landscapes become wetter or drier as climate changes? Because this
question pertains to the future, model simulations must be relied upon for guidance. While there
are important scaling issues associated with the validation and use of model output, in situ
measurements of surface moisture flux measurements in recent decades now makes it possible to
perform direct comparisons of measured and model-derived fluxes at a variety of high-latitude

terrestrial sites.

At the heart of the model validation issue is the ability of the model to capture the net
surface moisture flux, which is the difference between precipitation (P) and evapotranspiration
(ET). If P (including both rain and snow) exceeds ET over a period of time, the excess goes into
runoff or storage. If ET exceeds P, the surface moisture deficit leads to drying unless there is
sufficient recharge from below. A drying surface leads to decreased water supplies, increased
wildfire risk, and moisture stress on vegetation, all of which have consequences for terrestrial

ecosystems and human activities.

The most comprehensive assessment of recent P and ET trends based on historical data and
model simulations appears to be that of Rawlins et al. (2010), who used a variety of precipitation
datasets, atmospheric reanalyses, land surface model output, and global climate models. Trends
in P, ET, P-ET and river discharge were generally positive in the observational data, for which

record lengths ranged from 20 to 50 years. However, trends of P-ET, computed as differences
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between historical P datasets and satellite-derived (AVHRR GIMMS) ET, showed no significant
trend. The nine global climate models examined by Rawlins et al. (2010) showed statistically
significant trends of terrestrial pan-Arctic P-ET over the period 1950-1999 in eight of the nine
cases, and in all nine cases for the period 1950-2049. Trends for the historical period were
smaller than for the future period in the climate model output. All results were for annual means.
The positive trends in annual mean P-ET contrast with the expectation that longer and warmer
summers will increase ET sufficiently to favor summer drying, which is indicated by projected
decreases of high-latitude soil moisture in major climate change assessments such as the IPCC
(2013, Figs. 11.14 and 12.23). Anticipated increases of high-latitude wildfire activity (Partain et
al., 2016; Flannigan et al., 2015) are consistent with this expectation, highlighting the mixed

picture of future surface wetness trends in the Arctic.

Laine et al.’s (2014) more recent evaluation of global climate model projections, although
global rather than Arctic in scope, highlights the challenge of assessing changes in high-latitude
surface wetness. While Laine et al. found that the projected changes of ET also show the
expected pattern of increases over Arctic land areas, primarily during summer, the projected
changes of P-ET over the Arctic were much less spatially coherent and less robust than the
changes of P and ET separately. In particular, summer P-ET is projected to decrease over
northern Canada, increase over Alaska, decrease over the western and northern Eurasian
subarctic, and increase over parts of northeastern Russia, including Chukotka. Over most of these
areas, the sign of the projected change was not robust across the models at the 95% confidence
level. The spatial pattern over high-latitude land areas is very consistent with the projected
changes in soil moisture obtained by Dirmeyer et al. (2014) using 15 of the same models.

Dirmeyer et al.’s Figure 1 shows reductions of summer soil moisture over northern Canada and
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north-central Russia, but not over Alaska and eastern Siberia, from the preindustrial to the 20™
century. The results of these studies highlight the uncertainty in the trajectory of surface wetness
in Arctic land areas in the present generation of global climate models. Given this uncertainty
and the reliance on models for anticipation of future changes in surface wetness, it is imperative
to (1) understand the drivers of variations and changes in high-latitude ET, and (2) assess the
ability of models to capture the relationship between the atmospheric drivers and variations of

ET. The present paper addresses both of these needs.

The modeling studies highlighted above were based on global climate model simulations.
There has been little evaluation of corresponding simulations by regional climate models, which
offer several advantages relative to global climate models. First, regional climate models enable
finer resolution, by up to an order of magnitude, relative to global climate models. Second, when
driven at the lateral boundaries by historical reanalyses, regional climate models are constrained
to observations, at least at the lateral boundaries, while global models are freer to drift to their
own model climatologies. For these reasons, the present study makes use of a regional climate

model driven at the lateral boundaries by an atmospheric reanalysis.

A key measure of the validity of the ET simulations by climate models is their ability to
capture the sensitivity of ET to variations of precipitation and temperature. During the growing
season, ET can be expected to increase with temperature in biomes that are not moisture-limited
(e.g., tundra underlain by permafrost). One might also expect ET to respond positively to
precipitation events in areas where ET is moisture limited (e.g., permafrost-free boreal forest
sites). The expectation of influences by temperature (T) and precipitation (P) is supported by
variations in yearly ET, T, and P at tundra sites in Alaska (Euskirchen et al., 2012) and Canada

(Lafleur and Humphreys, 2007). Other variables undoubtedly play a role in temporal variability
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of ET. For example, solar and longwave radiation are included in ET formulations (e.g.,
Penman-Monteith) and are important drivers of Arctic ecosystem production (e.g., Lafleur et al.,
2012). Changes in subsurface moisture, including moisture made available by permafrost thaw,
can also be an important driver (Ohta et al., 2008). However, because direct measurements of
these quantities are greatly limited compared to T, P, and ET, the diagnostic evaluation in the
present study focuses on P and T as key drivers. Against this backdrop of prior studies,

hypotheses and data constraints, we address two key questions:

1) How well are the surface moisture fluxes over timescales of days to seasons captured by
a state-of-the-art regional climate model?
2) Are the relationships between temperature, precipitation and surface moisture flux

variations reproduced by the regional climate model?

Both these questions point to the paper’s emphasis on model validation. Because inter-
variable relationships are part of the validation in (2), an assessment of processes and drivers is
implicitly part of our model evaluation strategy. In that respect, the following sections include
discussion of the drivers and processes relevant to variations of the surface moisture budget. In
all cases, however, the consistency (or lack thereof) between the simulated and observed

relationships is the underlying thread of the discussion.

The study focuses on the tundra and boreal forest biomes of Alaska, where in situ
measurements of the moisture fluxes and drivers are available for several sites in each biome. A
regional climate model provides the simulated fluxes and driving variables for the same years

and locations. In this study we refer to temperature and precipitation as “drivers” of ET and P-
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ET only in a proxy sense. In reality, ET is driven by radiative fluxes (for which temperature may
be regarded as a proxy), boundary layer stability (which is also affected by surface air
temperatures), relative humidity and vertical humidity gradients (which are affected by
precipitation), and wind speed. Our emphasis on temperature and precipitation is dictated in part
by the availability of these variables, especially from the nearby weather observing sites used for

the infilling of moissing values at the tower sites.

Section 2 describes the two sources of hydrologic information: the regional climate model
and the in situ measurements. The processing of the model output and the in situ measurements,
including their quality-control is described in Section 3. Section 4 presents the results in terms
of seasonal climatologies as well as interannual variations derived from both sources. The
relationships of ET and P-ET to the atmospheric drivers are evaluated in Section 5 for seasonal
and daily timescales. Discrepancies between the observational data and the model results are

highlighted in both Sections 4 and 5. Section 6 summarizes the primary conclusions.

2. Sources of data

2.1 Regional climate model output

Global model output is available from several dozen climate modeling centers, and the
hydrologic output from the current generation of these models (CMIP5, Coupled Model
Intercomparison Project, version 5) has been evaluated by Rawlins et al. (2010), Laine et al.
(2014) and Yao et al. (2016). For comparison with site-specific measurements, finer resolution
model output is highly desirable. Dynamical downscaling by a regional climate model can
achieve finer resolution by approximately an order of magnitude. In this study, we analyze P, T,

and ET from a widely used regional climate model, the Advanced Research (ARW) core of the



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

Weather Research and Forecasting (WRF) model (Skamarock et al. 2008). The model makes
use of a thermodynamic sea ice model (Zhang and Zhang 2001) and the Noah land-surface
model (Yang et al., 2011) used within WRF in order to model the thermal conditions at the
surface. It is driven at the lateral boundaries by observationally-based reanalysis fields (ERA-
Interim) in order to avoid introduction of additional biases arising from the driving model. The
ERA-Interim reanalysis was selected as it has been successfully downscaled using WRF in other
regions of the world (e.g. Gao et al. 2015; Srivastava et al. 2014, 2013; Soares et al. 2012), has
been used in previous Arctic WRF simulations and analyses (e.g. Liu et al. 2014) and is among
the best performing reanalysis data sets for Alaska (Lader et al. 2015) and the wider Arctic

(Lindsay et al. 2014).

As described by Bieniek et al. (2016), the downscaling covered a domain with 262x262 grid
points that encompassed all of Alaska and portions of far eastern Russia and northern Canada at
20 km horizontal resolution (Figure 1) with 49 vertical model levels. The model was
reinitialized every two days and was integrated for a total of 54 hours after each reinitialization.
Each initialization occurred at 18 UTC (09 AKST). After each reinitialization, the first 6 hours
of output (a “spin-up” overlapping with the final 6 hours of the previous 54-hour integration)
were discarded. The frequent reinitialization to the ERA-Interim reanalysis, together with a
continuous nudging to the ERA-Interim upper air fields during each 54-hour simulation, ensured

that the model was tightly constrained by the observationally-based reanalysis.

The output from the 2-day simulations was combined together to form the final downscaled
product, which spanned the 1979-2015 period. Hourly WRF output was saved and used to
produce daily mean values of downscaled variables. The daily ET values were calculated from

the daily values of latent heat flux in the archive of model output. (The same conversion was



185  performed with the in situ measurements described below). The daily mean values of T, P, and
186  ET from the model’s 20-km grid cells corresponding to the tower sites of Section 2.1 were

187  extracted for the years of the available validation data.

188 2.2 In situ measurements

189 Eddy covariance estimates of ET based on flux tower measurements are available for a

190  network of sites in the Arctic and subarctic land areas. Many of these are accessible from the
191  archives of the AmeriFlux database, hosted by the U.S. Department of Energy’s Lawrence

192  Berkeley Laboratory (http://ameriflux.Ibl.gov/). The eddy covariance estimates of the fluxes of
193  moisture (as well as energy and trace gases such as CO>) are based on measurements made

194  several meters to tens of meters above the surface (Figure 2). In addition to instrumentation for
195  measuring vertical fluxes, the towers include measurements of temperature and precipitation,
196  enabling evaluations of the relationships between ET, P, and T presented in Section 5. The

197  horizontal footprint of the measurements is typically several tens to 100-200 meters, so the

198  measured fluxes are representative of vegetation in the immediate vicinity of the measurement
199  site. However, one of the main limitations of a comparison of tower measurements and climate
200 model output is that the footprint of the tower measurements is orders of magnitude smaller in
201  scale than the grid cells of climate models. For this reason, we stress the relationships between
202  ET flux variations and the associated drivers (T and P) computed separately from each of the two
203 information sources. The scale discrepancy is also the main motivation for our use of a regional

204  climate model rather than a global climate model.

205 Despite the scale discrepancy, several recent studies have compared tower measurements of

206  ET with corresponding model output. Yao et al. (2016) evaluated ET fluxes simulated by global
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climate models (with resolutions of 100-200 km) against tower measurements at 240 globally
distributed sites. The aggregate statistics computed by Yao et al. were heavily weighted towards
the stations outside the Arctic. Tower measurements at Canadian sites were used by Wang et al.
(2015) in a Canada-wide comparison with water budgets, remote sensing products and a land
surface models. These studies did not address relationships between ET and the driving

variables. These relationships are the focus of the present paper.

In order to assess the moisture fluxes and their drivers across Arctic and subarctic biomes,
we present results for a set of four locations in Alaska: two on the tundra (Barrow and Imnavait
Creek) and two in the boreal forest (Bonanza Creek and Poker Flat). Figure 3 shows the
locations of the four sites. The Barrow site is located at the Barrow Environmental Observatory
approximately midway between Barrow on the Chukchi Sea coast and the Beaufort Sea (Eilson
Lagoon). The coastline is about 3 km to the northeast and 5 km to the northwest of the tower
site. Winds from the west, north, and east are onshore, advecting marine air over the site;
northeast winds predominate during the summer. The tundra vegetation at Barrow is a mixture

of vascular plants such as sedge and nonvascular constituents such as moss and lichens.

The Imnavait site is approximately 200 km south of the Arctic Ocean at the base of the
foothills of the Brooks Range near the Arctic Long-Term Ecological Research (LTER) field
station at Toolik Lake. While maritime air occasionally impacts the site during summer, the
climate is considerably warmer than at Barrow: annual (summer) temperatures are -8°C (+9°C) at
Toolik/Imnavait and -11°C (+4°C) at Barrow. Cloudiness is also less pervasive at Imnavait than
at Barrow. We use data from two flux tower sites at Imnavait. The 200 m footprint of the
“sedge” site, located in the valley bottom, is classified as 52% wet sedge and 47% tussock

tundra, with the remainder bare soil or open water. The footprint of the “heath” site is classified

10
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as 20% heath, but also includes 72% tussock tundra, with the balance made up of sedge meadow

and bare soil. Figure 3 shows the vegetation in the vicinity of the two Imnavait tower sites.

Both the two Imnavait sites and the Barrow site are underlain by continuous permafrost that
is several hundred meters deep. During summer the maximum active layer depths are
approximately 40-60 cm at the Imnavait sites and 20-30 cm at Barrow. Snow typically covers
the ground from October through May, with typical snow depths of 30-40 cm at the start of the
spring thaw, although considerable blowing and drifting results in a heterogeneous distribution

of snow depths.

The boreal forest tower sites are at Bonanza Creek and Poker Flat, located about 30 km
southwest and 50 km northeast of Fairbanks, respectively. Both locations are considerably
warmer than the tundra sites in summer, with June-August mean temperatures of approximately
15°C. Winter temperatures are comparable to those at the tundra sites, although with
considerably less wind, and the spring snowmelt occurs 4-6 weeks earlier than on the tundra.
The Bonanza Creek tower, part of the Bonanza Creek LTER, is located in a lowland area
underlain by permafrost. The vegetation is mature black spruce forest on a permafrost plateau
(Figure 3). Poker Flat is an upland area of discontinuous permafrost, although the tower itself is
underlain by permafrost. Black spruce is the dominant vegetation type, with some white spruce

and birch in the area.

For purposes of this study, a key limitation of the tower measurements is the lack of useful
data during the winter months when snow and icing preclude measurements of P and ET. For
this reason, our study focuses on the warm season, May through September, when the full suite

of measurements (T, P, ET) can be documented, analyzed, and compared with the model output.

11



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

3. Methods

The flux tower data were downloaded as 30-minute means that are processed from the high
frequency (e.g., 10 Hz) eddy covariance measurements. The data for Barrow and Poker Flat

were obtained from the AmeriFlux archive (http://ameriflux.Ibl.gov), which is maintained by

Lawrence Berkeley Laboratory. The Imnavait and Bonanza Creek data were downloaded from
the Arctic Observing Network archive maintained by the Institute of Arctic Biology of the
University of Alaska, Fairbanks, http://aon.iab.uaf.edu/ The measurements and data processing
are described in more detail for Imnavait by Euskirchen et al. (2017) and for Bonanza Creek by
Euskirchen et al. (2014). For all the sites, the 30-minute values were aggregated into 24-hour

values (averages for T; totals for P, and ET) using MATLAB.

Because the measurements from the tower sites are subject to instrumental outages and
occasional malfunctions, it was necessary to perform several layers of quality-control. The
quality-control procedure was applied to the warm-season months (May through September),
which are the months with above-freezing mean air temperatures and with most of the yearly ET,
as shown in Section 4. First, if occasional 30-minute segments of a day were missing (e.g., ET
data during periods of rain), the daily values were computed as means of all 30-minute values
that were available for the day. Second, we omitted a site-year if one or more of the sensors were
inoperative, were known to be miscalibrated or repeatedly reported values out of range during a
particular year. The years that survived this stage of the quality control are listed in Table 1. It is
apparent that the available data from the various sites span different time periods. Such
differences in temporal coverage, which are characteristic of eddy covariance sites operated

worldwide, result from the diversity of the operators and funding sources of flux tower sites.
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A special case of the quality-control was the precipitation at the Imnavait site, where three
gauges (tipping buckets) were located within a 1 km? area. Calibration and malfunction issues
led to sufficiently long and frequent gaps in the three sets of reliable precipitation measurements
that it was necessary to combine the precipitation records from the three gauges. This
consolidation utilized the most reliable single-gauge value that was available for each day. When
data were available from all three precipitation gauges, analysis indicated that the measurements

were equivalent as they were all within the same 1 km? area.

For the site-years that were retained, data were missing for some days or for some longer
periods. If the gap was only a day or several days, the missing values were interpolated from
available values for surrounding days. For longer intervals (e.g., 5-15 days) of missing
temperature and/or precipitation data, values were substituted from nearby station data: the
Barrow airport data were used for the Barrow tower site, and the Fairbanks airport data for the
Bonanza Creek and Poker Flat sites. No such substitution was possible for the Imnavait sites
because there is no nearby reporting station. For the yearly accumulations of P, T, and ET
described in Section 4, the values for a site-year are labeled as “estimated” if more than 45% of

the daily values for May-September were filled in by interpolation or station-substitution.

In order to evaluate relationships between ET, T, and P, cross-correlations were evaluated at
various lags (including zero). These cross-correlations, which are presented in Section 4, were
based on departures from the daily averages for each site. The daily averages were computed
using all available years of data for a site, but were replaced by 15-day running means of the
single-date averages. The 15-day running means were used because the relatively small sample

(< 10 years) for each site results in “climatological” seasonal cycles characterized day-to-day
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jumps. In the case of temperature, for example, the period-of-record means of the unsmoothed

daily temperatures sometimes can vary by 2° to 3°C from one day to the next.

The model output from the simulation described in Section 2.1 was available through
2015. The model output was obtained as daily totals of P and ET (and daily averages of T), so
there was no need for infilling of missing values, averaging of 30-minute values, nor correcting
for instrumental malfunctions. For comparison with the in situ measurements, the values of T, P,
and ET for the model grid cells containing the tower sites were extracted for the years

corresponding to the available tower data.

4. Seasonal and interannual variations

In the following sections, we present comparisons of the simulated values and the
corresponding measurements. Because the results include four variables (ET, P, P-ET and T),
four measurement sites (including one with flux towers in two vegetation sites), two sources of
each variable foe each location, and seasonal climatologies in addition to variations over
timescales from daily to seasonal, it is not feasible to present graphical displays of all results for
all sites. Therefore, several of the following figures are based on samples of results chosen
because they convey the most information relevant to the regional climate model performance.
A more comprehensive diagnostic assessment focused on hydrologic processes rather than model

evaluation would require additional figures as additional sites and will pursued in future work.

Sample time series of monthly values illustrating the key features of the model-derived and
measured T, P, ET, and P-ET are shown for the tundra sites in Figure 5 and the forest sites in
Figure 6. In each figure, the corresponding time series from the model (blue) can be compared

with the tower measurements (red) for the grid cell containing the tower site. All the measured
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variables (T, P, ET) undergo strong seasonal cycles, which have larger amplitudes than the
interannual variations. It is apparent from Figures 5a and 6a that the seasonal cycles of
temperature are well simulated by the model, although the model’s temperatures tend to be too

high by several degrees during summer at Barrow.

The interannual variations in Figures 5a and 6a show generally good correspondence
between the model and the measurements, although there are discrepancies, especially in the
summer temperatures at Barrow. Because the model was forced by observed lateral and ocean
surface/sea ice boundary conditions and was also reinitialized to observational data over Alaska
at 48-hour intervals, the year-to-year (and day-to-day variations in the model output should, in
principle, agree with the corresponding variations in the measurements. Model errors (resolution-
related as well as formulational) and measurement limitations cause the values from the two
sources to differ. In the case of the Barrow temperatures, the discrepancies are also attributable
to the proximity of the Barrow tower to the coastline (and onshore advection of cool maritime air
during summer), while the model’s temperatures for the Barrow grid cell are averages for a land

area 20 km on a side.

The comparison of measured and model-derived precipitation is limited to the warm season
because, as noted earlier, the instrumentation at the tower sites does not enable meaningful
estimates winter precipitation amounts. Winter values of P are therefore shown as zero in Figures
5 and 6. However, Figures 5b and 6b show that the models over-simulate warm-season
precipitation by a significant amount. The interannual variations of P are captured to some extent
at the Poker Flat forest site, especially the extremely wet year of 2014, but there is little
correspondence between the interannual variations of measured and modeled P at Barrow.

However, the ET variations at Imnavait (Figure 5¢) show generally good correspondence

15
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between the model and the measurements, including the interannual variations. Figure 5c also
shows that ET is similar at the sedge and heath sites in terms of both the mean seasonal cycle and
the interannual variations, although the interannual variations at the sedge site are somewhat
closer to the model’s values. The most notable discrepancy between the model and the
measurements at Imnavait is in the net surface flux, P-ET (Figure 5d). The model’s P-ET
generally remains positive throughout the summer, except for single-month excursions that
barely reach into negative values in a few years. The measurements, on the other hand, show
stronger excursions into negative P-ET (net moisture loss), often for more than one month, at
both tower sites, especially at the sedge site. In only one year (2014) of the eight years of
measurements did the monthly tower-derived ET remain positive through the summer. The
model’s excessive summer wetness (positive P-ET) is attributable to the model’s much larger P

relative to the in situ measurements, as the differences in ET are not as large.

At the forest sites, the model shows greater P as well as greater ET relative to the
observations (Figure 6). The over-simulations of P and ET act to offset each other somewhat,
resulting in warm-season P-ET that is comparable in the model and the data, with more than one
month of drying (negative P-ET) indicated by each source in most years Figure 6d even shows
some model-data correspondence in the interannual variations of P-ET. 2013 and 2015 were

relatively dry years according to both sources of information.

The biases of the model are clearly apparent in the monthly means of the hydrologic
variables, which are shown in Figure 7 for Barrow and Poker Flat. The results for Imnavait and
Poker Flat (not shown) are similar. P and ET are over-simulated by the model in all months for
which the tower data are available, and the over-simulation is greater in the boreal forest than on

the tundra. The excess ET in the model is almost certainly driven in part by the excess P,
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although the model-data discrepancies in ET at Barrow are larger than the model-data
discrepancies in P at Barrow. Figure 7 also makes the point that, in the model, the cold-season
fluxes are much smaller than the warm-season fluxes, especially in the boreal forest. The tower

data do not permit summer-winter comparisons of P or ET.

The climatological (mean over all years) seasonal cycles of P-ET, the net surface moisture
flux, show interesting differences among the various sites and in the model’s ability to capture
the seasonal cycle of P-ET. As shown in Figure 8a, there is a net moisture loss during June and
July at the Barrow tower site and during June at the Imnavait tower sites. The differences
between the two Imnavait sites are small in all calendar months. However, there are large
discrepancies between the P-ET of the model and the tundra tower sites. Figure 8a shows that
the model’s summer P-ET is much more negative than the tower-derived values at Barrow, and
much more positive than the tower-derived values at Imnavait. In other words, the model shows
excessive summer drying at Barrow and excessive summer wetting at Imnavait. The excess
drying at Barrow is attributable to the model’s excess warmth at Barrow (Figure 5a), while the
model’s excess wetting at Imnavait is attributable to the model’s excessive precipitation (Figures
5c¢ and 5d). These different reasons for the model’s biases in the critical quantity, P-ET, point to
the challenges in obtaining credible model simulations of the surface moisture budget in Arctic

tundra regions.

Figure 8b shows the corresponding P-ET climatologies for the forest sites, for which the
model and the measurements are in surprisingly good agreement — given the discrepancies in the
simulated and measured P. The outstanding feature of Figure 8b is the difference in sign
between summer P-ET at the two sites: a net moisture loss at Bonanza Creek and a net moisture

gain at Poker Flat in both the model output and the tower data. This difference is consistent with
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greater subsurface moisture storage at Poker Flat, where the active layer is deeper and the
permafrost is discontinuous. However, an additional factor contributing to the difference is the
inclusion of a very high precipitation year, 2014 (Fig. 6b) in the climatology for Poker Flat but
not for Bonanza Creek. While Bonanza Creek’s P was available for 2014 (and was well above
its mean, as shown in Section 5.1), ET was not available because of an instrument outage.

Hence P-ET could not be included in the Bonanza Creel multiyear averages in Figure 8b.

5. Relationships to atmospheric drivers

In order to assess the linkages between ET and two of its key drivers (T and P), we focus on
variations over two timeframes: (1) yearly totals, computed as accumulations over the June-
September “warm season” when the ground is generally snow-free and ET is largest, and (2)

variations of ET over short periods of one to several days.

5.1 Warm-season integrals of ET and drivers

Seasonally accumulated totals of ET provide a means to evaluate the relationships between
interannual variations of ET and its drivers. In this section we present accumulation curves for
the different variables based on observational measurements in order to provide estimates
unaffected by model biases. We then correlate the interannual variations of the seasonal totals of
E and ET with corresponding totals of precipitation and temperature anomalies in order to assess
the relative contributions of T and P to the ET and P-ET. Finally, we compare correlations based
on the model-output and the on the observational measurements in order to assess the model’s

ability to capture the drivers of interannual variations of ET and P-ET.

Warm-season accumulations of (a) daily temperature anomalies, (b) precipitation, and (c)

ET are shown in Figures 9 for a tundra site (Imnavait heath) and in Figure 10 for a forest site
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(Bonanza Creek). In all cases, the summations are performed for the four-month period June 1
through September 30. The accumulated temperature anomalies in Figure 9 show that some
years at Imnavait were relatively warm (2010, 2012), while others were relatively cool (2014,
2015). For scaling purposes, we note that a 4-month accumulated temperature departure of 122°C
corresponds to a seasonally averaged departure of 1°C. 2015’s value of -210°C in Fig. 9a
therefore represents a summer temperature departure of approximately -1.7°C (-3.1°F). Figure
9b shows that the wettest year (2012) had more than twice the precipitation of the driest year
(2013). Examination of Figure 10c shows that 2009 and 2010 (warm years) were the years with

the greatest ET, while 2015 (a cool year) was the year with the smallest ET.

Table 2 lists the correlations (across the available years) between the warm-season totals of
P, E, P-E and the T anomaly. The table includes values computed from the model simulations
for the same years, enabling a comparison of the relative importance of T and P for the
hydrologic fluxes, ET and P-ET. Figure 11 is a graphical comparison of the measurement- and
model-based correlations for the Imnavait and Bonanza Creek sites, highlighting the model’s
ability to capture the contributions of T and P to the interannual variations at the sites with the
most coherent signals between the atmospheric and hydrologic variables. For the observational
results, the correlations between seasonally accumulated T and total ET at the Imnavait sites are
0.63 (heath) and 0.71 (sedge), indicating that seasonally integrated evapotranspiration tends to be
greater in warmer years and smaller in cooler years. The corresponding value is 0.77 for the
model’s 20 km x 20 km Imnavait grid cell, which contains both heath and sedge tundra. For the
sample size of N = 9 (years), the 95% significance level is approximately 0.69, so the
correlations obtained from the sedge measurements and the model simulation are statistically

significant despite the small sample size. By contrast, there is little correspondence between the
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seasonally accumulated P and seasonal ET: the correlations between the yearly P and ET at
Imnavait are -0.12 (heath measurements) and -0.48 (sedge measurements), and -0.24 (model),
none of which are statistically significant. We conclude that the primary driver of interannual
variations of total warm-season ET at Imnavait is temperature. The implication is that a
warming climate will lead to greater ET, even if P also increases in a warming climate as
projected by global models. However, the measurements from Barrow show no meaningful
correlation between T and ET, but a strongly negative correlation between P and ET. Given the
saturated surface conditions at Barrow, this negative correlation with P may point to the
tendency for ET to be greater when cloudiness is reduced, allowing for greater insolation. This
hypothesis is speculative and requires further examination with additional data (radiative fluxes

and winds).

At the forest sites, there is also a positive correlation between seasonally integrated
measurements of T and ET (r = +0.67 at Bonanza Creek, r = +0.76 at Poker Flat). The
corresponding model-derived values are +0.58 and +0.81. At Bonanza Creek, ET correlates even
more strongly with P (r = +0.73) than with T, pointing to a role of recycling of moisture through
ET. However, this signal is not apparent at Poker Flat, nor in the model results for either forest

site.

A universal feature of the measurement- and model-derived results for all four sites is the
strong positive correlation between seasonal totals of P and P-ET (Table 2 and Figure 11).
While the inclusion of P in P-ET virtually guarantees some correlation, the magnitudes of the P
vs. P-ET correlations (>0.9 in most cases) indicates that the effects of temperature do little to
offset the effects of P on surface moisture exchange. Figure 11 shows that the model also

reproduces the high correlation between seasonally integrated P and P-ET at Bonanza Creek
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despite the model’s strong correlation between T and P-ET, r = -0.88, which is much more
negative than in the tower data. Even at the tundra sites, the seasonally integrated P-ET
correlates more strongly with P than with T, despite the strong dependence of ET on T. We
conclude that precipitation is the main driver of P-ET at all sites on a year-to-year basis,
implying that future changes of the surface moisture budget will be determined by future changes
in P more than by changes in T. The robustness of this conclusion is supported by the

consistency between the model results and in situ measurements.

5.2 Short-term variations of ET and its drivers

The seasonal relationships summarized in the previous subsection represent integrations of
shorter-term linkages between ET and its drivers, T and P. In order to quantify the shorter-term
linkages, we computed cross-correlations between ET and T as well as ET and P with the
variables averaged over periods of 1, 3 and 30 days. We show the results as cross-correlation
functions of lead/lag, whereby the ET leads or lags the T and P variations by 0, 1, 2,...30 days.
Figure 12 shows these cross-correlation functions computed from the daily values of T, P, and
ET for Imnavait Creek, Bonanza Creek and Poker Flat. Results are shown for both the tower
data (solid lines) and the model (dashed lines). In all cases, the daily values have been converted
to departures from the daily means, thereby removing the effects of the seasonal cycle from the

correlations.

Two peaks appear consistently in the correlation functions: a positive correlation of ET with
temperature, centered at or close to zero lag, and a negative correlation of ET with precipitation,
also centered at zero lag. The positive temperature correlation is consistent with the seasonal

results in Section 5.1: ET is greater when the temperature is higher than its daily average. The
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correlation functions for temperature decay rapidly on either side of lag zero, although the values
still stand out above the noise-level at temperature leads and lags of a day or two, consistent with
the autocorrelations of daily temperature anomalies. The zero-lag correlations between T and ET
are slightly stronger in the model (r = +0.4 to +0.5) than in the tower data (r = +0.3 to +0.4 at
Imnavait and Bonanza Creek), in agreement with the relative strength of the seasonal
correlations between T and ET in Figure 11 and Table 2. The lower zero-lag correlations at
Barrow suggest that the high humidity and cloud coverage limit the importance of air

temperature in daily variations of ET.

The zero-lag peaks in Figure 12’s correlations between P and ET are weaker than those of the
temperature correlations. The negative sign of the zero-lag spikes is not attributable to a direct
effect of falling precipitation, as the eddy covariance fluxes during precipitation events have
removed from the database because the measurements are problematic when the instruments are
wet. The most plausible explanation for the negative peaks at zero-lag is that temperatures tend
to be depressed on days with precipitation and clouds, so the negative spikes in the P curves may
actually be indirect manifestations of the temperature correlations. The fact that the Imnavait
correlations with ET are larger for both T and P at the sedge site compared to the heath site
supports the connection between the two drivers. Aside from the spike at zero lag, precipitation

shows little association with ET, consistent with the seasonal results presented earlier.

While the short-term associations with T and P are largest at zero lag, one may hypothesize
cumulative effects of T or P anomalies may cause a stronger signal if the T vs. ET and P vs. ET
relationships are evaluated over timescales longer than a day (Figure 12) but shorter than a
season (Figure 12). To test this hypothesis, we experimented with the use of running means of

T, P, and ET in the correlative analysis. The averaging period for the running means varied from
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several days to 30 days. Figure 13 shows the correlation functions based on 3-day means for the
two Imnavait sites and the corresponding model output. While the correlation functions decay
from their zero-lag values at a slower rate with the smoothed data, the maximum values are
essentially the same as in Figure 12a. Even the relative magnitudes of the sedge-vs.-heath tundra
and measurement-vs.-model peaks are little changed from the results based on single-day values.
Experiments with longer averaging periods produced no enhancement of the associations and
even led to a degradation of the correlations as the averaging period approached 30 days. We
conclude that any multiday cumulative effects are not strong enough to enhance the concurrent

(zero-lag) associations inherent in the daily data.

6. Conclusion

The results in the preceding sections lead to the following conclusions:

e Both P and ET are considerably larger in the model for all sites, indicating that the model’s
hydrological cycle is stronger than the observed. This over-simulation of the high-latitude
hydrologic cycle is consistent with the known tendency of global models to simulate more
precipitation than is observed in northern high latitudes (Walsh et al., 2002; de Boer et al.,

2012), subject to uncertainties in the observational data.

e The model output and the tower measurements show a short period (one or two months) of
negative P-ET during summer, indicative of surface drying, although the model does not

show this period of drying at the Imnavait tundra sites in the foothills of the Brooks Range.

e Atall sites, interannual variations in the warm-season surface water balance (P-ET) are

determined primarily by variations in precipitation. The dominance of P as a driver is
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especially apparent at the forest sites, and it is apparent in the model output as well as in the

observational data.

e At both the Imnavait tundra and Poker Flat forest sites, the model and the measurements are
consistent in showing that variations of evapotranspiration are controlled primarily by
temperature. The dominance of temperature as a driver is supported especially by the
interannual variations of the seasonal totals, but also by correlations on the daily timescale,
in both the model results and the observational data. Only the model shows this dominance

of temperature at the Barrow tundra and Bonanza Creek forest sites.

The discrepancies between the tower and model values of P and ET found here are
sufficiently large that there is a need to determine whether other models show similar biases. A
related need is to address the uncertainties in the precipitation data. Precipitation is notorious for
small-scale variations as well as instrumental challenges (e.g., gauge undercatch), so the
robustness of conclusions based on precipitation measurements is open to question.

Taken at face value, the results imply that a warming climate will generally lead to greater
warm-season ET because summers will be warmer and longer. At all sites, however, the
seasonal net surface water flux (P-ET) is more sensitive to precipitation than to temperature,
implying that future changes in atmospheric exchanges with the land surface will be largely
controlled by changes in precipitation. Such findings are based on a small sample of only two
tundra and two forest locations and fewer than ten years of data for each location, so they are
largely exploratory. Furthermore, changes in actual wetness of the ground surface will also
depend on future changes in active layer and surface drainage, which may be affected by

thermokarst in areas of permafrost thaw. Such processes are not yet included in most climate
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models. Because models will continue to be the primary tools for anticipating future changes, it
IS important that Arctic terrestrial simulations be extended to additional models, especially as

models evolve to include additional processes relevant to Arctic terrestrial hydrology.
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TABLE 1: Years of available data from each tower site

Barrow

Imnavait Cr.

Bonanza Cr.

Poker Flat

1998-2007

2007-2015

2010-2013, 2015-2016

2011-2014
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Table 2. Correlations between total seasonal accumulations of P, ET, P-ET and temperature (T)

anomaly. Accumulations span June 1 through September 30 as in Figures 9 and 10.

Barrow

Imnavait

Bonanza Cr.

Poker Flat

measurements

model

measurements (heath)
measurements (sedge)

model

measurements

model

measurements

model

ETvs. T

-0.22

0.67

0.63
0.71

0.77

0.67
0.58

0.76

0.81

ET vs. P

-0.89

0.13

0.12
-0.48

-0.24

0.73

-0.07

-0.39

-0.36

0.38

-0.29

0.43
0.26

-0.12

-0.03

-0.88

-0.90

-0.91

P-ETvs. T P-ETvs.P

0.98

0.86

0.81
0.99

0.97

0.98

0.89

0.99

0.98
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

The domain of the WRF regional climate model simulation. Blue dots are spaced at

intervals of 20 km, the horizontal resolution of the model.

Flux towers at Poker Flat (left) and Bonanza Creek (right).

Locations of the flux tower sites: Barrow and Imnavait Creek on the tundra, and

Bonanza Creek and Poker Flat in the boreal forest.

Vegetation in vicinity of flux towers at Bonanza Creek (left) and Imnavait Creek
(right). Imnavait photos show heath tundra (upper right) and wet sedge tundra (lower

right).

Sample time series of tower measurements (red/yellow) and corresponding model
output (blue) for tundra sites averaged over monthly periods: () air temperatures at
Barrow, (b) precipitation, P, at Barrow, (c) evapotranspiration, ET, at Imnavait, with
separate curves for heath tundra (red) and sedge tundra (yellow), and (d) P-ET at
Imnavait, with separate curves for heath and sedge tundra. Note that the towers do not

provide meaningful values of P and ET during the cold season.

As in Figure 5, but for forest sites: (a) air temperature at Poker Flat, (b) precipitation,
P, at Poker Flat, (c) evapotranspiration, ET, at Bonanza Creek, (d) P-ET at Bonanza

Creek.

Monthly climatologies (averages over all available years) of tower measurements

(blue) and corresponding model simulations (yellow) of (a) precipitation at Barrow,
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Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

(b) evapotranspiration at Barrow, (c) precipitation at Poker Flat, and (d)

evapotranspiration at Poker Flat.

Climatological (average over all available years) monthly values of P-ET at tundra
sites (upper panel) and forest sites (lower panel). Values derived from tower

measurements are shown by solid lines, model-simulated values by dashed lines.

Seasonal (June through September) accumulations of (a) air temperature anomalies,
(b) precipitation and (c) evapotranspiration at the Imnavair heath site. All values are
based on tower measurements. Different years are color-coded; dashed lines are

estimated values (see text) for years with large amounts of missing data.

As in Figure 9, but for seasonal accumulations at Bonanza Creek.

Sample correlations between yearly warm-season totals of ET, P-ET, and driving
variables (T, P). Blue and green bars are correlations based on tower data; yellow

bars are correlations based on model simulation.

Cross-correlation functions of daily ET with daily temperature (red) and daily
precipitation (blue) for (a) Imnavait Creek, (b) Bonanza Creek and (c) Poker Flat.
Correlations are plotted as a function of the lag of P and T relative to ET (i.e., Tand P
lead ET to the left of zero lag; T and P lag ET to the right of zero lag). Solid lines are

based on tower measurements, dashed lines on model output.

As in Figure 12, but for cross-correlations computed from 3-day running means of T,
P, and ET at Imnavait Creek. Solid lines are based on tower measurements, dashed

lines on model output. Values for wet sedge and heath are plotted in different colors.
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Figure 1. The domain of the WRF regional climate model simulation. Blue dots are spaced at
intervals of 20 km, the horizontal resolution of the model.
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Figure 2. Flux towers at Poker Flat (left) and Bonanza Creek (right).
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Figure 3. Locations of the flux tower sites: Barrow and Imnavait Creek on the tundra, and
Bonanza Creek and Poker Flat in the boreal forest.
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Figure 4. Vegetation in vicinity of flux towers at Bonanza Creek (left) and Imnavait Creek
(right). Imnavait photos show heath tundra (upper right) and wet sedge tundra (lower
right).
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Figure 5. Sample time series of tower measurements (red/yellow) and corresponding model
output (blue) for tundra sites averaged over monthly periods: (a) air temperatures at
Barrow, (b) precipitation, P, at Barrow, (c) evapotranspiration, ET, at Imnavait, with
separate curves for heath tundra (red) and sedge tundra (yellow), and (d) P-ET at
Imnavait, with separate curves for heath and sedge tundra. Note that the towers do not
provide meaningful values of P and ET during the cold season.
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Figure 6. As in Figure 5, but for forest sites: (a) air temperature at Poker Flat, (b) precipitation,
P, at Poker Flat, (c) evapotranspiration, ET, at Bonanza Creek, (d) P-ET at Bonanza

Creek.
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Figure 7. Monthly climatologies (averages over all available years) of tower measurements

(blue) and corresponding model simulations (yellow) of (a) precipitation at Barrow,
(b) evapotranspiration at Barrow, (c) precipitation at Poker Flat, and (d)
evapotranspiration at Poker Flat.
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Figure 8. Climatological (average over all available years) monthly values of P-ET at tundra
sites (upper panel) and forest sites (lower panel). Values derived from tower
measurements are shown by solid lines, model-simulated values by dashed lines.
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(a) Imnavait Heath Temp Deviation Accumulation
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Figure 9. Seasonal (June through September) accumulations of (a) air temperature anomalies,
(b) precipitation and (c) evapotranspiration at the Imnavair heath site. All values are
based on tower measurements. Different years are color-coded; dashed lines are
estimated values (see text) for years with large amounts of missing data.
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(a) Bonanza Creek Temp Deviation Accumulation
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Figure 10. As in Figure 9, but for seasonal accumulations at Bonanza Creek.
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Figure 11. Sample correlations between yearly warm-season totals of ET, P-ET and driving

variables (T, P). Blue and green bars are correlations based on tower data; yellow
bars are correlations based on model simulation.
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Imoavait - ET vs. T and ET vs. P Correlation

05
0h4
Z 03
-
2
=
2 02
™ (a)
5 . -
= "/ \/‘-,\ . . I, \\ -—
E ) Sy A \ SOINAERA
L] \ N\, _r b4 w
V' -
£ \
02
30 N J0 0 10 N 11
T'emp or Precip Lag i days
2 Bananza Creek - ET vs, T and ET vs, P Correlation
0
04
0
5
3:: 0
¥
o
g 00 A
S o S \ A 7\
= X A0V S | N A \ y
g of i S U U SR DW PN
= T P e (Vs N /
“ v V
A )
-A)
. N 10 0 o N 0
Temp or Precip Lag m days
FF Poker flat - ET vs, T and ET vs, P Correlation
)
04
0
g
2 0
v
S
S o C
= \ ™
2 A e} A {1 “ .Iv \ V-
= AN N NGAT - fook t— o RS Fam f X N
' 4 15 X7 Ny 4 f 'y A \ Ay \ .
A N / | i\ | \
s / « 'V B
{ | v
1 J
- ‘ J
f
!
-0
30 20 40 0 0 A .41

T'emp or Precip Lag in davs

Figure 12. Cross-correlation functions of daily ET with daily temperature (red) and daily
precipitation (blue) for (a) Imnavait Creek, (b) Bonanza Creek and (c) Poker Flat.
Correlations are plotted as a function of the lag of P and T relative to ET (i.e., T and P
lead ET to the left of zero lag; T and P lag ET to the right of zero lag). Solid lines are
based on tower measurements, dashed lines on model output.
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o Imnavait - ET vs. T and ET vs. P Correlation - 3 day moving mean
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Figure 13. Asin Figure 12, but for cross-correlations computed from 3-day running means of T,
P, and ET at Imnavait Creek. Solid lines are based on tower measurements, dashed
lines on model output. Values for wet sedge and heath are plotted in different colors.
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