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ABSTRACT
A seasonal snow cover, expansive forests, a long coast line, and a mountainous terrain are features of
Norway’s geography. Forests, ground snow, and sea surface temperature (SST) vary on time scales
relevant for weather forecasting and climate projections. The mapping and model parameterization of
these features vary in novelty, accuracy, and complexity. This paper investigates how increasing the
influence of each of these features affects southern Norway’s surface energy and water balance in a
regional climate model (WRF). High-resolution (3.7 km) experimental runs have been conducted over
two consecutive hydrological years, including 1) heightening the boreal forest line (the Veg experiment),
2) increasing ground snow by altering the snow/rain criterion (the Snow experiment), or 3) increasing the
SST (the SST experiment). The Veg experiment led to an increase in annual net radiation Rnet in the
study area (by 3 W m22), largely balanced out by an increase in latent heat flux. Moisture recycling
increased, leaving only a negligible decrease in annual runoff. Surface temperature increased by 0.18C,
and its seasonal variability was dampened. Significant changes were also found outside the area of
vegetation change. Snow decreased Rnet by 1.5 W m22, despite slight increases in downward shortwave
and longwave radiation. Both sensible heat flux and surface temperature decreased (by 1.3 W m22 and
0.28C, respectively), but the annual water balance remained mostly unchanged. The SST experiment led
to increased downward and upward longwave radiation. Surface temperature was raised by 0.28C. Advected oceanic moisture and thus both precipitation and runoff increased (by 2.5% and 2.8%,
respectively).

1. Introduction
The lower surface boundary to the atmosphere moderates roughness, albedo, and emissivity, and can act as a
water or heat reservoir, depending on its state. The surface can accordingly modify atmospheric stability, humidity, cloud cover, precipitation, and air temperature,
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and thus the local and regional surface energy and water
balance, through complex interactions.
International studies point to regions where the land
surface has a high influence on the local weather and
climate, although the strength of the land–atmosphere
coupling in southern Norway is still inconclusive. Norway
is located in the receiving end of the westerlies that have
passed over the North Atlantic. This, combined with a
long coast lined with mountains, gives Norway on average
nearly 1500 mm of precipitation per year. Evaporation
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from the land surface is on average less than one-fourth of
the received precipitation (Hanssen-Bauer et al. 2009).
With a predominantly energy-limited evapotranspiration
regime, Norway has not stood out in land–atmosphere
studies focusing on soil moisture–atmosphere coupling.
Given Norway’s high latitude and maritime location,
representation of sea surface temperature (SST) and
snow cover receives considerable attention in regional
weather, climate, and hydrological modeling. Lack of
observations; computational restraints on model resolution, parameterizations, assimilation routines, and
initialization errors; and model biases in interacting
variables introduce uncertainty in modeled SST and
ground snow. For instance, historical runs (1900–2005)
of the CMIP5 models show cold SST biases in the extratropical North Atlantic (Wang et al. 2014). The same
models show historical snowfall rates on ice-free land
north of 508N that are nearly twice the amount estimated in the observation-based Water and Global
Change (WATCH; Weedon et al. 2011) dataset (BrutelVuilmet et al. 2013). Even recent reanalysis datasets
such as ERA-Interim may show biases in snow depth
(Balsamo et al. 2015).
Recent studies (Wramneby et al. 2010; Rydsaa et al.
2015) suggest that vegetation change deserves more attention in our region. Previous studies comparing the
sensitivity of terrestrial atmospheric variables to SST
anomalies and land-cover change have found regional (de
Noblet-Ducoudré et al. 2012) and seasonal (Findell et al.
2009) impacts of a similar magnitude. While vegetation
change is now included in IPCC climate projections, it is
usually not included in statistical or dynamical downscaling of these models for our region. On the other hand,
impact assessment studies of hydrological changes due to
land surface changes are commonly conducted without
coupling to the atmosphere.
This study explores the sensitivity of the surface
energy and water balance in southern Norway to three
surface representations, namely, vegetation, snow, and
SST. This is done within the constrained environment
of the Advanced Research version of the Weather
Research and Forecasting (WRF) Model (ARW)
framework (Skamarock et al. 2008) by 1) increasing
the boreal forest line, 2) increasing ground snow by
altering the snow/rain criterion in the land surface
scheme, and 3) perturbing the SST. The experiments
are run with a grid spacing of 3.7 km over two hydrological years, the dry 2009/10 and the wet 2010/11. The
experiments shed light on the regional importance of
each of these surface features within weather and climate models, such as WRF, and on the expected information loss from using stand-alone land surface and
hydrological models.
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The WRF Model, its model configuration, and the
study area are presented in the following section.
Section 3 outlines the design of each of the three
experimental runs, and the results are presented in
section 4. A discussion and conclusions are offered in
sections 5 and 6.

2. The WRF Model, initialization, and forcing
The WRF Model framework is widely used around
the world. It is used for weather forecasting, research,
and regional downscaling in Norway (e.g., Heikkilä et al.
2011) and Europe (e.g., Katragkou et al. 2015). The
WRF Model system is a flexible framework, with two
dynamical cores. In this study, ARW, version 3.5.1
(Skamarock et al. 2008), is used.

a. The ARW and configuration
The model was configured as listed in Table 1, with
the Yonsei University (YSU) planetary boundary layer
(PBL) scheme; the Kain–Fritsch cumulus scheme;
the Goddard shortwave, longwave, and microphysics
schemes; and the MM5 similarity scheme for the surface layer physics. A version of the Noah land surface
model (LSM) was used (Mitchell 2001, and references
therein), with enhancements to improve snow processes, as described below. Also tested, but rejected,
was the option to include a diurnal SST parameterization (Zeng and Beljaars 2005), as it was found to
slightly reduce the daily average SST throughout most
of the year. A more detailed description of the Noah
LSM is given next, with emphasis on vegetation and
snow parameterizations.

b. The Noah LSM
The unified NCEP–NCAR Noah LSM is an open
source, community model with a wide range of users. It
is a single-column model with four soil layers, a total
soil depth of 2 m, with prognostic soil moisture and
temperature and freeze/thaw soil physics. Soil thermal
and hydraulic parameters like conductivity, field capacity, and wilting point are available as tabulated
values according to local soil type. Lookup tables also
give the vegetation root depth, stomatal resistance, and
maximum snow-covered albedo according to the grid
cell’s dominating vegetation type (Table 2 for parameter values for evergreen needleleaf forest, wooded
tundra, and mixed tundra). Noah has a canopy layer
storing water, and snow is stored on the ground in a
single, bulk layer. The surface temperature is a single,
weighted mean of the temperature of snow-covered
ground, canopy, and bare soil, according to their gridcell fraction. It has a linearized, noniterative surface
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TABLE 1. Model configuration with the outer domain values given
in parentheses.
Model type
Simulation period
Simulation type
Horizontal resolution
Grid
Mesh
Vertical resolution
Time step
Forcing data
SST update
Lake temperature
Spectral nudging
Nesting
Vegetation type

Vegetation type alterations
Green vegetation fraction
Max albedo with snow ams
Land surface scheme
Surface scheme
PBL scheme
Cumulus scheme
Microphysics scheme
Longwave scheme
Shortwave scheme

ARW, version 3.5.1
From October 2009 to
October 2011
Climate run, initialized once
3.7 km or 08020
(18.5 km or 08100 )
Lambert, rotated
156 3 261 (77 3 160)
41 layers (top at 50 hPa)
20 s (100 s)
ERA-Interim, Dt 5 6 h
ERA-Interim, Dt 5 1 day
ERA-Interim, mean T2 m
No
One way
MODIS Boston University
and NCEP 20 category
with lakes
Based on Moen et al. (1998)
MODIS, 1/ 88 monthly
interpolated
Barlage et al. (2005)
table values
Noah, with University of
Arizona physics
MM5 Monin–Obukhov
YSU
Kain–Fritsch
Goddard
Goddard
Goddard

energy balance, solving for a slab skin temperature
after estimating the evapotranspiration using a modified version of the Penman equation (Mahrt and Ek
1984).

c. The University of Arizona Noah alterations
The University of Arizona (UA) snow physics for
Noah (Wang et al. 2010) are used in this study. The UA
alterations aim to redeem a too early snowmelt, and
excess snow sublimation and downward sensible heat
flux often found in the Noah model (Wang et al. 2010).
The physical processes associated with deep snow in
boreal forests in spring were specifically considered,
including the effect of vegetation shading on snow, increased (under canopy) aerodynamic resistance under
stable atmospheric conditions (increasingly so with
more vegetation present), and a revised roughness
length for snow-covered vegetation.

d. Vegetation data, forcing data, and spinup
The vegetation types are given by the MODIS Boston University IGBP dataset, with alterations made by
NCEP to include tundra and lakes. For this study, all
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vegetation in the open shrubland class was converted to
the mixed tundra class, as the original was a 608N
threshold for the conversion that resulted in a spurious
schism through the center of southern Norway. Additionally mixed tundra was changed to wooded tundra
below 950 m, representing birch forest, to provide
better consistency with a national vegetation map
(Moen et al. 1998).
The land surface model was spun up, using the NCAR
High-Resolution Land Data Assimilation System
(HRLDAS; Chen et al. 2007) forced with ERA-Interim
data (Dee et al. 2011), cycling the year preceding the
experimental runs, 2008/09.
Apart from ground temperature and moisture fields,
which were transferred from HRLDAS, the WRF Model
was initialized with fields from the ERA-Interim. The
model was run in climate mode, initialized on 1 October
2009, and forced with fields from ERA-Interim (updated
every 6 h on the outer domains’ lateral boundaries, and
every 24 h for SST fields). Spectral nudging was not used
in order to allow the model more freedom to react to the
changes in surface representation.

e. Study area
This study focuses on South Norway, the southern half
of Norway. The integration domains are presented in
Fig. 1. The outer domain is the enclosed, outer area of
the figure. It consists of 77 3 160 grid boxes, with a grid
spacing of about 18.5 km, or 08100 . The inner domain,
shown as a blue rectangle, consists of 156 3 261 grid
boxes with a spacing of 3.7 km or 08020 . In further reference to the study area, only the land area in the inner
domain is considered.
A seasonal snow cover is present in most of Norway.
The number of days with snow varies considerably,
both spatially and from year to year. Normally, it lasts
from 0 to 300 days yr21, with snow water equivalent
(SWE) varying from 0 to 3000 mm (Hanssen-Bauer
et al. 2009). Norway receives on average nearly
1500 mm of precipitation per year, with large regional
differences, as the Scandinavian mountains split South
Norway into a rainy western part and a drier eastern part.

f. Study period
Interannual weather variability in Norway is influenced by the North Atlantic Oscillation (NAO), especially in winter. A negative phase of the NAO is usually
concurrent with cold and dry conditions in Norway,
while a positive NAO phase usually indicates warm and
wet conditions. To evaluate to what degree the sensitivities found vary with weather variability, the study is
conducted over a time period when the phase of the
NAO changed from positive to negative.
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TABLE 2. The modified IGBP MODIS Noah vegetation parameters for evergreen needleleaf, wooded tundra, and mixed tundra; that is,
the vegetation types that are changed in the Veg experiment. The parameters with a min and max value are scaled according to the
spatially and temporally varying green vegetation fraction, as provided by an external, satellite-derived dataset. Parameters Ztopv and Zbotv
are used in the UA subroutines for discriminating vegetation with snow below the canopy and vegetation buried by snow.

GVF
Rootn
Rs
RGL
HS
SNup
ams
LAImin
LAImax
«min
«max
amin
amax
Z0min
Z0max
Ztopv
Zbotv

Evergreen needleleaf

Wooded tundra

Mixed tundra

0.70
4
125.
30.
47.35
0.080
34.
5.00
6.40
0.950
0.950
0.12
0.12
0.50
0.50
17.0
8.5

0.60
3
150.0
100.0
42.0
0.025
62.
0.41
3.35
0.930
0.930
0.15
0.20
0.30
0.30
10.0
0.1

0.60
3
200.0
100.0
42.00
0.025
72.
0.41
3.35
0.920
0.920
0.15
0.20
0.15
0.15
5.0
0.1

Green vegetation fraction
Rooting soil layer depth
Stomatal resistance
Radiation stress parameter
Vapor pressure deficit parameter
Parameter scaling snow cover fraction
Max albedo with snow
Min leaf area index
Max leaf area index
Min emissivity
Max emissivity
Min albedo
Max albedo
Min roughness
Max roughness
Vegetation top
Vegetation bottom

A hydrological year is the 12 consecutive months
when the hydrological cycle is on average the most in
balance. In the Northern Hemisphere, this is usually
from October through September. This study spans two
hydrological years: from October 2009 to October 2010,
which was a particularly cold and dry hydrological year
in Norway with the most negative winter (DJF) NAO on
record; and from October 2010 to October 2011, which
was a warm and wet year during which the NAO
switched from negative to positive midwinter. The mean
temperature in 2010 was 18C below the 1961–90 average,
and the precipitation was 85% of the 1961–90 average,
which is the fifteenth driest since 1900. The year 2011
was one of the warmest and wettest years in Norway;
before 2014 it was the warmest and wettest on record.
The mean temperature was 1.98C above the 1961–90
average, and total precipitation was 125% of the 1961–
90 average. The winter of 2011 did, however, start out
fairly dry and cold.

g. Model performance
The 2-m temperature T2 m , precipitation, humidity,
wind, and snow cover were compared to gridded and
synoptic observations. Compared to the SeNorge (Mohr
2008) high-resolution (1 km), spatially interpolated T2 m
dataset, the model has an average bias of 20.98C in the
study area. The temperature bias is similar in both years,
implying little drift in the model. The largest biases are
in fall and spring. In winter of 2009/10, a cold bias
of 20.88C occurred, whereas in winter of 2010/11 a warm
bias of 11.28C is evident. Compared to the SeNorge

observation-based dataset, the model shows on average
0.2 mm day21 lower precipitation. In 2009/10 slight
overestimations are found in all seasons except fall. In
2010/11 slight underestimations are found, which are
largest in summer with a bias of 20.4 mm day21.
Relative humidity was compared to observed humidity from more than 100 meteorological stations for
2010/11 using the Model Evaluation Tools (MET) software (Brown et al. 2009) and observational data from
NOAA/NWS/NCEP (2008). The model shows a slight
positive bias in specific humidity, by approximately 4%,
and a slight exaggeration of the diurnal moisture variability in the warm season. The wind speed was evaluated similarly and shows good performance but has
slight underestimations of the highest wind speeds.
The modeled snow depth hs was compared with daily
observations from meteorological stations for the entire
simulation period. Following previous snow validation
studies conducted for Norway (Dyrrdal 2010; Saloranta
2012), we require, for each station, an elevation difference of less than 100 m to the corresponding model grid
point and at least 10 days of observations. This resulted
in 100 stations giving in total 23 452 observations. The
station-average correlation r between observed and
modeled hs is good (r 5 0.72) and the bias is low
(12.0 cm). Using a ground snow cover fraction fs similar
to the LSM, fs,g 5 min(hs /10 cm, 1) (assuming a 5:1 ratio
between snow depth and SWE), the model shows a fair
representation of the seasonal snow cover, with regions
of overestimation found inland and regions of underestimation seen near the coast (Fig. 2).
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slowly go through a transition from tundra to open
shrubland to woodland to boreal forest (Liess et al. 2012).
There is, however, large uncertainty regarding historical,
present-day, and future land-cover distribution, and
considerably different land-cover inventories and projections are used in weather forecasting and climate
model runs (Yucel 2006; Klein Goldewijk et al. 2011;
Meiyappan and Jain 2012; Tao et al. 2013; Broxton et al.
2014). Even so, land-use and land-cover (LULC) change
were included in CMIP5 because of its importance (e.g.,
Hurtt et al. 2009; Klein Goldewijk et al. 2011).
Observations by satellites and airplanes and field
studies have shown an upward shift in species elevation in
Europe (Grytnes et al. 2014) and Norway (Bryn 2008;
Wehn et al. 2012). Since 1925, the Norwegian forest
volume has tripled (Tomter and Dalen 2014), and in
many regions forest lines have expanded to higher altitudes. However, because of historic and current land-use
practices, in certain areas the forest line can be as much as
200 m below its present potential (Wehn et al. 2012).
Subtle vegetation changes (e.g., vegetation densification
or a forest-line advance) are difficult to implement
without using a high-resolution model. Feedback effects
between warming, snow cover, and vegetation cover may
not be adequately addressed in global models unable to
resolve the local terrain, and thus temperature gradients,
well enough (Giorgi et al. 1997).
To shed light on the sensitivity of the surface energy
and water balance to a change in vegetation cover, a
simple perturbation of the boreal forest line is implemented in the Veg experimental run. Mixed and barren
tundra below 1150 m are replaced with evergreen needleleaf forest, increasing the forest line by about 200 m
and changing the vegetation type in about a quarter of
the land grid cells (Fig. 1, Table 3).

b. Increasing ground snow (the Snow experiment)
FIG. 1. The outer area of the figure depicts the outer model integration domain. The inner domain, or study area, is within the blue
rectangle. Areas originally covered with evergreen needleleaf are
marked with dots. Areas where mixed or wooded tundra are replaced by an evergreen needleleaf forest in the Veg experiment are
marked with a dark green color (stars) in the inner (outer) domain.

3. Experimental design
After a control run (Cntrl) as described above, three
experimental runs were initiated, each perturbing a
different surface feature, namely, vegetation, snow, and
SST. Table 3 summarizes the three experiments.

a. Increasing the boreal forest line (the Veg experiment)
If global warming continues unabated, the northern
extents of boreal forest ecosystems are expected to

More often than not, models show biases in their snow
simulations (Slater et al. 2007; Chen et al. 2014). For
instance, in ERA-Interim, forests with snow were
given a too low albedo, influencing the timing of spring
snowmelt (Balsamo et al. 2015). If such biases significantly affect, for example, modeled precipitation intensity in our region, this needs to be accounted for.
Studies dating back to Yeh et al. (1983) have looked at
the effect of ground snow on the following seasons by
initializing experimental runs with extra snow. These
experiments add moisture to the model. In this study we
aim to evaluate and compare the responses of the surface
energy and water balance to different changes in surface
characteristics. Perturbing the ground snow indirectly by
changing the snow/rain criterion for precipitation in the
land surface part of the model makes it possible to trace

Unauthenticated | Downloaded 01/09/23 09:11 PM UTC

270

JOURNAL OF HYDROMETEOROLOGY

VOLUME 18

FIG. 2. The difference between simulated and observed snow cover fraction (Cntrl 2 obs) in fall (SON), winter (DJF), and spring (MAM).

back a response in precipitation to a change in ground
snow, rather than having to disentangle it from the effect
of extra moisture in the model initialization.
The snow/rain criterion is a feature of the land surface
model itself, used to diagnose whether the incoming
precipitation should be treated as frozen or liquid (e.g.,
Yang et al. 1997; Slater et al. 2007; Niu et al. 2011). When
Noah LSM is coupled with WRF, by default, the snow/
rain criterion relies on the ratio of solid to liquid incoming precipitation as diagnosed in the (atmospheric)
microphysical scheme. If this information is not available, the lowest atmospheric model layer temperature
with a categorical temperature threshold of 08C is used.
In the current model configuration, the snow/rain
criterion is diagnosed from the ratio of solid to liquid
hydrometeors calculated in the Goddard microphysical
scheme. Compared to using a categorical temperature
threshold of 08C, the current model setup (using the
information from the microphysical scheme) leads to a
slightly more snow in coastal areas and slightly less snow
in inland areas (not shown).
Snow/rain criteria temperatures in the literature vary
from 258 to over 68C [references within Yang et al. (1997);
Wen et al. (2013)]. In the current model configuration, the
lowest model layer is at about 27 m above ground; thus, a

temperature threshold of 2.58C is expected to be in the
higher end of realistic threshold temperatures for snowfall. In the Snow experiment, a categorical temperature
threshold of 2.58C is used as snow/rain criterion in the land
surface model in order to increase ground snow without
explicitly adding moisture to the model.

c. The 0.48C SST perturbation (the SST experiment)
A large part of the variability between the models
included in CMIP5 can be attributed to differences in
the models’ representation of snow albedo feedback
effect and NAO (Cattiaux et al. 2013). Historical runs
(1900–2005) of the CMIP5 models show cold SST biases
in the extratropical North Atlantic (Wang et al. 2014).
Biases in surface observational and/or model SST data
may preclude a hindcast, weather forecast, or climate

TABLE 3. The surface perturbation experiments.
The Veg expt

The Snow expt

The SST expt

Replacing tundra
below 1150 m
with boreal
forest (Fig. 1)

Using a categorical
2.58C snow/rain
criterion to induce
more snow

Applying a uniform
0.48C SST increase
(Fig. 1)
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TABLE 4. Mean difference (exp 2 Cntrl), averaged over all land grid cells, in 2009/10 and 2010/11 for snow cover, Ts , Rnet , SH, LH, E, P,
and R. For each variable, the two largest differences are marked in boldface. The relative change (%; where a minus sign indicates
a decrease and a plus sign indicates an increase) is given below, where applicable, for the single largest change per variable.

Expt

Snow cover
(days yr21)

Veg 2009/10

6

Veg 2010/11
Snow 2009/10
Snow 2010/11

4
8
13
15%
22
23

SST 2009/10
SST 2010/11

Ts (8C)

Rnet (W m22)

0.11
0.08
20.24
20.22

3.6
110%
3.1
21.5
21.5

0.20
0.19

0.4
0.3

SH (W m22)

LH (W m22)

E (mm day21)

P (mm day21)

R (mm day21)

2.7
18%
2.7
20.7
20.6

0.09
18%
0.09
20.02
20.02

0.07

20.02

0.08
20.02
20.01

20.01
20.01
0.01

0.5
0.5

0.02
0.02

0.09
0.11
12.5%

0.06
0.09
12.8%

0.7
0.1
21.3
21.3
233%
20.2
20.3

projection. A hit or miss of the internal variation (for
instance of the NAO) in an atmosphere–ocean global
circulation model (GCM) providing forcing data for a
regional model has the potential to deteriorate the results of a regional study (Laprise 2014).
Previous studies have shown that the implementation
of SSTs in a regional climate model (RCM) can influence
temperature over the European continent (Cattiaux et al.
2011) and Norway (Køltzow et al. 2011). A North Atlantic SST increase of 0.298C decade21 for the period
1978–2007 has been observed (Cattiaux et al. 2011).
The oceanic warming has been found to have contributed to the European land warming over the same
period. Focus in this study is to evaluate the role of
feedbacks exerted from changes in the land cover to
those from a perturbation in SST. Thus, a uniform SST

increase of 0.48C is implemented in both model domains (Fig. 1). Additional SST sensitivity experiments,
such as forcing the model with downscaled SSTs from
CMIP5 models, would be of interest but are beyond the
scope of this study.

4. Results
Key variables controlling the surface energy and
water balance are elaborated on below. The land area
of the inner domain (study area) is considered (Fig. 1).
Average changes [experimental run (exp) minus control run (Cntrl)] over the study area in ground snow
cover, surface temperature Ts , net radiation Rnet , sensible heat (SH), latent heat (LH), evaporation E, precipitation P, and runoff R are presented in Table 4 for

TABLE 5. The area (%) of significant change in mean value from the control run A and the mean difference (exp 2 Cntrl) within this
area M are listed for the 2009/10 and 2010/11 variables. Snow cover changes are listed with areas of significant snow cover fraction changes
and mean change in the number of days per year with snow cover within each of these areas. For each variable, the two largest differences
are marked in boldface. The relative change (%; where a minus sign indicates a decrease and a plus sign indicates an increase) is given
below, where applicable, for the single largest change per variable.

Expt

Snow cover
(days yr21)

Ts
(8C)

Rnet
(W m22)

SH
(W m22)

LH
(W m22)

E
(mm day21)

P
(mm day21)

R
(mm day21)

Veg 2009/10 A
Veg 2009/10 M (days yr21)

70%
6

46%
0.22

27%
2.4

37%
0.19
96%
20.25
92%
20.24

30%
0.5
47%
22.7
42%
22.3

35%
0.26
131%
38%
0.25
37%
20.05
32%
20.04

67%
20.03

69%
4
98%
8
98%
13
15%
76%
24
69%
24

35%
7.6
131%
38%
7.2
37%
21.3
32%
21.5

21%
0.19

Veg 2010/11 A
Veg 2010/11 M (days yr21)
Snow 2009/10 A
Snow 2009/10 M (days yr21)
Snow 2010/11 A
Snow 2010/11 M (days yr21)

30%
11.7
147%
29%
10.5
32%
23.4
27%
23.9

23%
0.23
11%
20.08
11%
20.03

63%
0.00
33%
20.03
36%
0.01

96%
0.21
97%
0.20

10%
1.8
7%
1.7

16%
20.8
12%
21.1

21%
1.4
20%
1.5

21%
0.05
20%
0.05

25%
0.23
27%
0.25
15%

67%
0.09
66%
0.12
14%

SST 2009/10 A
SST 2009/10 M (days yr21)
SST 2010/11 A
SST 2010/11 M (days yr21)
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FIG. 3. Change (exp 2 Cntrl) in the length of the snow season (the number of days with ground snow) in (top) the dry, cold hydrological
year 2009/10 and (bottom) the warm, wet hydrological year 2010/11. The study area mean change is denoted in the upper-left corner.
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FIG. 4. The 2010/11 study area average monthly change from the control experiment in
sensible, latent, and remaining (other) fluxes, for the Veg (first monthly bar), Snow (second
monthly bar, marked with diagonal lines), and SST (third monthly bar, marked with horizontal lines) experiments.

each (hydrological) year. The surface temperature rather
than the 2-m temperature is discussed, as it is directly
related to the surface energy and water balance and is a
prognostic rather than diagnostic variable. Overall, the
results indicate that the experiments have a modest effect
on the surface energy and water balance when averaging
over the whole period and entire study area. The results
further show minor differences between the relatively
cold and dry 2009/10 and the warmer and wetter 2010/11.
Local and seasonal changes were notably larger.
Paired sample Student’s t tests, using a 95% confidence
interval, were performed at each grid cell to determine
whether there are significant changes in the annual and
seasonal mean values of the control and experimental
runs. Table 5 gives, for each variable and year, the mean
change averaged over the area of significant change.
Percentage land area where significant changes in annual mean values occurred varied from 7% to 98%. For
each variable, where applicable, the largest relative
change [(exp 2 Cntrl)/Cntrl] is also presented.

a. Snow cover and energy balance changes
Changes in ground snow cover and the components of
the surface energy balance are depicted in Figs. 3–5. Local
gridcell changes (exp 2 Cntrl) in the length of the snow
season (the number of days with ground snow) in the two
hydrological years are depicted in Fig. 3. Figure 4 depicts
2010/11 monthly change in the surface energy balance induced by each experiment, and Fig. 5 shows the seasonal
extent and magnitude of significant changes in mean seasonal Ts .

1) INCREASING THE BOREAL FOREST LINE
(THE VEG EXPERIMENT)
The forest-line heightening (the Veg experiment)
caused significant changes in ground snow cover fraction
in over two-thirds of the study area (Table 5). The average number of days with snow increased by 6 days in
2009/10 and 4 days in 2010/11 (Table 4, Fig. 3), although

in certain areas the first snow-free day occurred earlier
in 2010/11 (not shown). The experiment caused significant changes in Rnet and LH in 30%–40% of the land
area and also outside the area of vegetation change
(24% of the land area). In these areas, the average increase in annual Rnet was 10–12 W m22, or nearly 50%,
and LH increased by 7–8 W m22, or 30%. The increase
was slightly larger in the colder and drier 2009/10 than in
the warmer and wetter 2010/11. The changes in the
surface energy balance propagated almost undisturbed
to changes in the energy balance at the model’s top of
the atmosphere (TOA; not shown).
Changes in turbulent fluxes caused by the Veg experiment mainly occurred in the warm season (Fig. 4).
Where tundra was converted to evergreen needleleaf
forest, a shift toward both higher SH and LH can be seen
(Table 5); however, certain locations showed a large increase in LH coinciding with an equivalent decrease in
SH (not shown). Where the vegetation remained unaltered, some grid cells showed the opposite pattern, that
is, a decrease in LH and a comparable increase in SH.
The colder year, 2009/10, showed a slightly larger increase in Ts , and also significant changes in larger areas
than in the warmer year of 2010/11 (Table 5). Seasonally,
the highest warming was found in spring, with, on
average, a 0.58C increase in areas of significant change
(Fig. 5). In summer, a lower albedo difference (not shown)
and increased LH (Fig. 4) resulted in a surface cooling of a
similar magnitude as the spring warming (Fig. 5).

2) INCREASING GROUND SNOW (THE SNOW
EXPERIMENT)
The parameterization change applied in the Snow experiment clearly increased ground snow cover. Significant
changes occurred in nearly the entire study area (Table 5).
The largest increase was found near the coast in spring and
fall and at higher altitudes in summer (not shown). Averaged over the two hydrological years, the area with ground
snow was increased by around 12%, or 40 000 km2, on
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FIG. 5. (a) Mean Ts in the control run during the 2010/11 fall (SON), winter (DJF), spring (MAM), and
summer (JJA). Significant changes from the control run in seasonal mean daily temperature for the (b)
Veg, (c) Snow, and (d) SST experiments are also shown, with the mean change in the areas of significant
change denoted in the upper-left corner. Areas of no significant change are marked in gray.
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FIG. 6. As in Fig. 5, but for mean daily P. Note that here increases are marked in blue tones, while
decreases are marked with red tones.
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FIG. 7. As in Fig. 5, but for mean daily R. Note that here increases are marked in blue tones, while
decreases are marked with red tones.
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FIG. 8. Scatterplots of the annual mean differences (exp 2 Cntrl) in E (x axis) and P ( y axis). Points originating from areas where the
vegetation was changed in the Veg experiment are shown, for reference, for all experiments, with a green, hatched color scheme, with
darker colors representing higher densities of points. The remaining points are marked with a black color scheme, with brighter colors
representing higher densities of points.

1 November and by around 6%, or 20 000 km2, on 1 May. In
the warmer and wetter 2010/11, the mean number of days
with ground snow increased by about 2 weeks, whereas in
colder and drier 2009/10, it increased by only 1 week (Fig. 3).
The additional snow increased the reflection of shortwave radiation (albedo) and thus decreased Rnet . Significant changes in annual Rnet were found in about 30% of
the area, with an average reduction of 3–4 W m22 (Table
5). The increased reflected radiation propagated almost
unabated to the models’ TOA (not shown). Slight increases in low cloud cover and downward shortwave and
longwave radiation were also detected (not shown).
The SH was significantly reduced in nearly half of the
area, by 2–3 W m22, on average. A small decrease in LH
was also found. The largest reduction in turbulent fluxes
coincided with the months of maximum insolation and
snow cover, that is, April–June (Fig. 4). In most months,
slight changes in fluxes other than SH and LH are seen
(Fig. 4). This is mostly due to changes in the fluxes associated with melting and freezing on the ground. Annual
average Ts decreased by about 0.258C in both years (Table
5). The most extensive, significant changes were found in
spring, whereas the largest absolute change was a cooling
of 0.88C at some high-altitude areas in summer (Fig. 5c).

3) THE 0.48C SST PERTURBATION (THE SST
EXPERIMENT)
The SST experiment caused significant changes in
ground snow cover in more than 70% of the study area

(Table 5). The number of days with ground snow decreased,
on average, by 2–3 days (Table 4, Fig. 3). Slight increases in
net shortwave radiation were found, but of the three experiments, the SST perturbation had the smallest effect on
Rnet . Meanwhile, both downward and upward longwave
radiation increased (not shown). Further, an increase in
cloud cover was found in the colder seasons (not shown).
Significant changes in turbulent fluxes were found in
less than 21% of the grid cells. The largest changes
were found in summer and fall (Fig. 4), when LH increased at the expense of SH. The SST perturbation
caused significant changes in annual Ts in almost all of
the study area. An average warming of 0.28C, which is
half of the SST increase, was found (Table 5). The
largest impact was found in fall and winter (Fig. 5d).
The SST perturbation had a smaller effect on Ts in
spring and summer, with no significant changes in mean
temperature in more inland areas.

b. Water balance changes
Changes in the components of the water balance are
depicted in Figs. 6–8. The extent and magnitude of the
2010/11 significant changes in mean seasonal precipitation and runoff are presented in Figs. 6 and 7.
Gridcell evaporation and precipitation changes are
presented, for each experiment, in scatterplots in Fig. 8.
In addition to the surface water balance, the
atmospheric water balance is also analyzed. The
Lagrangian atmospheric water balance is given by
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FIG. 9. Annual (2009/10) change in MFC from the control run for each experimental run. The mean change over the study area is given in
the upper-left corner. Because of the very high variability of the divergence field, a Gaussian filter has been applied.

›t q 1 v  =q 5 E 2 P, where dt is the local temporal
derivative, v is the wind (vector), and q is the specific
humidity (e.g., Banacos and Schultz 2005). Integrating
from the first atmospheric level near the surface to about
500 hPa (layer 16 in the model), the second term on the
left-hand side of the equation represents the vertically
integrated horizontal moisture flux divergence, or the
negative of the moisture flux convergence (MFC). From
year to year, the temporal change in atmospheric humidity ›t q is usually much smaller than the other terms in
the equation, simplifying the equation to
P 5 E 1 MFC.

(1)

The annual mean precipitation can thus be sourced
from local evaporation or from advected atmospheric
moisture (MFC). Figure 9 shows the annual mean
change in MFC for each experiment in 2009/10.

1) INCREASING THE BOREAL FOREST LINE (THE
VEG EXPERIMENT)
The Veg experiment led to significant changes in precipitation in nearly a quarter of the study area (Table 5).

The signal of these changes varied with location and
season (Fig. 6b). The most significant change in precipitation was found in summer: an increase of 12% in
15% of the study area. The greatest increase in LH was
also found in summer (Fig. 4). Generally, where tundra
was replaced with forest, an increase in both evaporation
and precipitation is evident (Fig. 8). The scatterplot also
shows that in some areas where the vegetation remained
unaltered, a slight increase in precipitation in combination with a small decrease in evaporation is found. Indeed, comparing Fig. 6b with Fig. 1 shows that some of
the areas where significant changes in precipitation occurred are outside the area of vegetation change.
The annual increase in precipitation was nearly as large
as the increase in evaporation, averaged over the study area
(Table 4). Compared to the control run, a slight moisture
flux divergence occurred in the study area (Fig. 9), that is,
part of the humidity increase was transported out of the
study area. Only a minor decrease in annual runoff was
found. Seasonal runoff variability was, however, affected
(Fig. 7b), with more runoff in spring and less runoff in
summer in western and central Norway. An increase in
precipitation is seen in the same areas in spring (Fig. 6b).
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2) INCREASING GROUND SNOW (THE SNOW
EXPERIMENT)
The Snow experiment only had a minor effect on the
annual water balance (Tables 4, 5), shown as a slight
decrease in evaporation throughout the year. The
greatest change in precipitation was seen in spring in
coastal areas, areas that had more snow cover in the
Snow experiment than in the control run. In spring,
minor decreases in both convective and nonconvective
precipitation were found (not shown), with an average
reduction of 3% in 13% of the study area, as well as
slight reductions in evaporation. In the other seasons,
less than 10% of the study area showed significant
changes in mean precipitation. Both decreases and
increases in precipitation occurred (Fig. 6). In
summer, a slight increase in precipitation is seen in
inland areas.
The snow cover experiment directly influenced the
partitioning of precipitation between rain and snow and
induced rather large seasonal shifts in runoff. Coastal
areas experienced less runoff in fall and winter, but more
in spring. At higher altitudes more water was stored
from spring to summer, delaying runoff (Fig. 7c).

3) THE 0.48C SST PERTURBATION (THE SST
EXPERIMENT)
On average, the SST experiment intensified the water
cycle, with increasing precipitation, evaporation, and
runoff (Table 4) in all seasons (Fig. 6d). Average absolute
land surface evaporation increased by about one-fifth of
the precipitation increase. Most of the precipitation increase was due to an increase in atmospheric moisture
flux convergence over the study area (an increase of
0.06 mm day21; Fig. 9). The increase in MFC was due to
an increase in west–east (zonal) moisture transport. Annual runoff increased by nearly 3% averaged over the
study area.
The SST experiment induced significant precipitation
changes in more than a quarter of the study area. The
most extensive change was found in winter, when 35%
of the land surface experienced, on average, a 7% increase in precipitation (Fig. 6d). A larger mean relative
change (an increase of 9%) in precipitation was found in
the summer but in fewer areas. The largest relative
change in runoff (an increase of 10%) was seen at the
coast in winter (Fig. 7d).

5. Discussion
a. Increasing the boreal forest line (the Veg experiment)
The forest-line heightening, that is, the Veg experiment, caused the largest changes in surface Rnet and LH.

279

The changes in the surface energy balance were driven
by increased Rnet due to the lower albedo of the forest
compared to tundra. Significant changes were found also
outside areas of vegetation change. As the land surface
model is a single-column model with no horizontal advection, these changes were due to atmospheric advection. The new UA subroutines in Noah applied here
(section 2c) allow part of the incoming shortwave radiation, in areas where vegetation is protruding over snow,
to be absorbed in the canopy instead of in the ground.
The energy is then converted to SH input directly to the
atmosphere, sidestepping the surface energy balance
and thus implying that snow stays longer on the ground.
In the Veg experiment, in areas where tundra was
changed to evergreen needleleaf forest, the first snowfree day (snow off) was delayed in most areas. However,
in the warmer year, 2010/11, snow off occurred earlier
in western and coastal areas. Even though forests
have a lower albedo than open areas in the presence of
snow, forests are generally considered to delay snow off
because of vegetation shielding the snow from shortwave radiation (Lundquist et al. 2013; Kremsa et al.
2015). Lundquist et al. (2013) emphasize that whether a
specific forest delays or hastens snow off may change
in a future climate. Although difficult to parameterize,
inclusion of canopy processes is important for correct
runoff timing. In high-latitude, boreal regions, the
complex interdependencies between vegetation, snow,
and temperature changes and their impact on runoff
generation may deserve more attention.
The changes in mean temperature, averaged over the
study area, were the smallest of the experiments; however, local and seasonal temperature changes were
larger than those caused by the SST experiment. Though
vegetation shading, as parameterized by the model,
delayed the first snow-free day in most areas, snowmelt
generally started earlier, and the number of days with a
full snow cover on the ground was reduced, allowing the
ground to heat up. Warmer Ts values were found in all
seasons except summer, when evaporative cooling
dominated. Similar studies done with lower-resolution
models (Wramneby et al. 2010; Rydsaa et al. 2015) have
found an albedo-dominated warming in the colder seasons and an evaporation-dominated cooling in the
warmer seasons, even in future climate projections. In
areas of significant change, the magnitude of the average
annual warming was about 0.28C. These findings are in
line with Bright et al. (2014), who observed a cooling of
0.258C at a clear-cut site relative to a coniferous site in
southeastern Norway, but smaller than a cooling of
about 0.958C observed in open land relative to nearby
forested FLUXNET stations at boreal latitudes (,458N;
Zhang et al. 2014). The temperature change was slightly
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larger in the colder 2009/10. Previous studies have found
that the effect of vegetation change varies with climate
(e.g., Pitman et al. 2011; Bright et al. 2014; de Wit et al.
2014). In long climate simulations, the radiative forcing
of LULC change is expected to diminish compared to
the effects of increased anthropogenic CO2 emissions
(Wramneby et al. 2010; Myhre et al. 2015).
The effect of the Veg experiment was, for the surface
water balance, dominated by an evaporation increase,
predominantly found in spring and summer. Annual
mean precipitation increased by nearly as much as the
evaporation increase. Annual runoff was thus barely
affected. Snowmelt generally started earlier, shifting a
fraction of runoff from summer to spring. If the results
are representative of the sensitivity in other models, it
justifies a stronger emphasis on vegetation type inventories, vegetation model development and validation, and increased attention to vegetation change in the
region, for example, in regional downscaling of climate
models or when using the results from climate models
that parameterize vegetation changes. Counteracting
precipitation changes may need to be considered when
modeling evaporation changes in southern Norway in
offline land surface or hydrological models. Changes in
vegetation properties may also have affected observed
temperature and precipitation trends. Further, the large
sensitivity of surface and TOA net radiation found here
points to the need for high-resolution studies, including
biogeochemical effects, on the impact of vegetation
change in our region to provide better information for
land management.

b. Increasing ground snow (the Snow experiment)
The Snow experiment increased the number of days
in a year with snow cover by 1–2 weeks. Changes in
snowfall diagnosis could not occur when the conditions
were so cold that the microphysical scheme, which
computed the snowfall fraction in the control run, also
diagnosed precipitation as snow (section 3). Thus, the
impact of the parameterization change was more pronounced in the warmer 2010/11 than in the colder 2009/10,
and on the coast in winter and in the high mountains in
summer. Because of the additional precipitation diagnosed as snow, an increase in the flux associated with
snow melting on the ground was seen. The Snow experiment induced significant changes in Rnet and LH in a
fraction of the study area similar to the Veg experiment
(30%–40%), but the magnitude of changes was considerably lower. However, of the three experiments, the
Snow experiment induced the largest changes in SH and
Ts . For stand-alone land surface models or hydrological
models using an energy balance approach, differences in
snow cover between the offline model and models
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providing forcing data may create temperature gradients
that can introduce spurious surface fluxes.
Of the three experimental runs, the Snow experiment
had the smallest effect on annual precipitation and
runoff. Seasonal runoff changes were found, with peak
runoff increasing and being delayed by more than
1 month. Slight reductions in precipitation were seen,
predominantly in late spring and early summer. However, in scattered inland areas, slight precipitation increases were seen. Observational (Kasurinen et al. 2014)
and modeling (Rydsaa et al. 2015) studies have shown
that evapotranspiration in the boreal regions is primarily
controlled by the atmospheric vapor pressure deficit and
not by soil moisture. In climates and regions, where the
evapotranspiration regime is soil moisture limited, an
increase in snow cover may lead to increased soil
moisture persisting into the warmer seasons when soil
moisture normally would be limited, in turn increasing
evaporation and precipitation in these months (e.g.,
Dutra et al. 2012). This was largely not found here. The
results suggest that in the study region and for the current climate, slight differences in modeled snow cover in
similar, coupled land surface–atmosphere models may
be expected to have little impact on modeled evaporation and precipitation rates.

c. The 0.48C SST perturbation (the SST experiment)
The SST experiment resulted in the smallest change in
Rnet and turbulent fluxes among the experiments. However, both incoming and outgoing longwave radiation
increased. Significant changes in annual Ts were found in
nearly the entire study area, with temperature increasing
in these areas, on average, by about 0.28C, that is, half of
the SST increase. The impact on Ts was stronger in the
colder seasons, when the sea–air temperature gradient
and the westerlies are generally stronger. In summer,
significant changes were mostly found on the coast. In
certain areas, the SST experiment introduced an increase
in LH accompanied by a decrease in SH. This may be
connected to the increase in precipitation found in the
experiment. While the area affected by a change in snow
cover was slightly higher in the colder year, generally, the
changes induced by the experiment were similar in the
anomalously cold and warm hydrological year.
The annual surface water balance showed a large sensitivity to the rather small SST perturbation. Among the
three experimental runs, the SST experiment caused the
spatially and temporally most homogeneous changes to
the land surface water balance and the largest changes in
the annual water balance. Annual terrestrial precipitation
rates increased about 5 times more than land evaporation
rates, and thus runoff increased. Most of the additional
precipitation originated from moisture advected into the
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study area. The largest changes were seen in winter.
These findings, of a stronger sensitivity in terrestrial
precipitation and temperature to SST change in the cold
seasons, are in line with previous research (Cattiaux et al.
2011; Køltzow et al. 2011). The findings show that rather
small biases in SST data may have significant impacts on
the modeled, terrestrial water balance and Ts in the study
region, including inland areas.

d. Limitations
The SST experiment was by design simplistic. By
applying a uniform SST increase in both model domains
throughout the year, it inflicted perturbations of varying
size relative to the mean state of the SST in different
regions and seasons. The sensitivity to SST perturbations
likely depends on the choice of physical parameterization
schemes (Table 1), the size of the model integration domain (e.g., Køltzow et al. 2011), and whether or not
nudging is applied. In this study nudging has not been
used, as more autonomy was sought to allow land–
atmosphere coupling effects to develop. Though the lateral boundary conditions of the model’s rather modestly
sized outer domain are expected to constrain the largescale circulation, the SST perturbation may have caused
circulation changes (e.g., Graff and Lacasce 2014).
However, this has not been the topic of this study. Similarly, evaluating possible remote or large-scale effects of
the vegetation or snow cover change (e.g., Xu and
Dirmeyer 2011; Orsolini et al. 2013) has not been considered within the scope of this study.
The Noah LSM is a land surface model of intermediate complexity, without an explicit canopy layer
or multiple snow layers. This may impact the robustness
of the results, particularly in winter and at night, since
correctly modeling the stable boundary layer is
generally a challenge for many models (Masson and
Seity 2009; Holtslag et al. 2013). Including a prognostic
surface boundary layer with an explicit canopy could
alleviate some of these issues (Masson and Seity 2009).
The mechanisms involved resulting in precipitation
changes due to the vegetation change, and how sensitive
this response is to choice of model and model configuration (e.g., Hagos et al. 2014) needs more exploring.
Further, a dedicated study on how changing surface
characteristics in a particular LSM influence evaporation and runoff rates in an online versus offline model
run is an interesting topic for future work.
The current study does not include biogeochemical
processes, which influence the effect vegetation change
has on climate. Local biogeochemical effects include, for
instance, the interaction between cloud cover and surface organic aerosols (SOAs) from vegetation. This effect may reduce the warming caused by the vegetation

change (e.g., Scott et al. 2014). Few observational studies have been conducted on SOAs and biogenic volatile
organic compounds (BVOCs) in Norway. A recent
study (Yttri et al. 2011) estimated the airmass exposure
to marine and terrestrial surface types for four Nordic
sites. At the Norwegian site, over 90% of the footprint
was marine. The site was, however, located less than
25 km from the coast, so a larger airmass exposure to
vegetation can be expected farther inland.

6. Summary and conclusions
The sensitivity of a regional climate model to perturbations of three surface features, namely, the vegetation
cover, the snow cover, and the sea surface temperature,
has been investigated. The surface perturbations reflect
both the effect of model initialization and parameterization choices and of surface forcing biases in similar
models. High-resolution (3.7 km) runs have been conducted using the WRF Model coupled to the Noah land
surface model. The area of investigation is South Norway.
Two consecutive hydrological years are considered, 2009/
10 (relatively cold and dry) and 2010/11 (relatively warm
and wet).
The vegetation was altered in the Veg experiment by
increasing the boreal forest-line height by about 200 m,
to 1150 m. This led to an increase in annual evaporation
in the study area of 8%. Annual runoff was not much
affected, as precipitation increased by nearly the same
amount. Significant increases in annual net radiation
and surface temperature were found. Significant changes
were also found outside the area of the vegetation
change. The result justifies more emphasis on vegetation model development and validation and attention
to vegetation change in the region. The sensitivity also
points to the need to consider counteracting precipitation changes when modeling vegetation change in
offline land surface or hydrological models.
In the Snow experiment, the ground snow was increased without adding moisture to the model. This was
done by altering the snow/rain criterion, that is, the diagnosis of the snowfall ratio of the precipitation, in the
LSM. The number of days with snow increased, on average, by 1–2 weeks per year, spring runoff was delayed,
and Ts was reduced by more than 0.28C. The extra snow
cover had little effect on precipitation and evaporation
and thus little effect on annual runoff. The results suggest
that in the study region and for the current climate, a
correct snow cover diagnosis is important for the modeled surface temperature and intra-annual runoff.
In the SST experiment, sea surface temperature was
increased with 0.408C. This remote surface forcing perturbation had the largest effect on runoff of the three
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experiments. It induced more precipitation over southern Norway, largely due to an increase in moisture
transportation from the ocean, only partially reduced by
an increase in evaporation. Land surface temperature
increased on average by 0.28C, and significant changes
were also found in inland areas. Modest biases in SST
forcing data are thus expected to significantly impact
weather and runoff projections.
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