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ABSTRACT. The purpose of this study is to identify, characterize and quantify local,
regional and remote effects of snow cover on western U.S. climate and water resources. An
ensemble of predictability and sensitivity studies was made with the U.S. National Center
for Atmospheric Research (NCAR) Community Climate Model, version 3 (CCM3) to
investigate the relative roles of snow-cover anomalies and initial atmospheric states in the
subsequent accumulation and ablation seasons. The suite of model experiments focuses on
the direct effect of snow on regional climate anomalies and ultimately will be used to exam-
ine the lagged effect of anomalous snow cover on the climate. The set of ensemble simulations
presented here looks at the climate-system response to anomalously high and low snow cover
at the start of the ablation season over the western U.S.A. These current results suggest that
the initial state of snow cover is more important than the initial state of the atmosphere or of
sea-surface temperatures because of direct thermal effects on the surface and subsequent

indirect, dynamical effects on the atmospheric circulation.

INTRODUCTION

Snow cover is not only a passive responder but also a forcing
mechanism in climate variability. Documented relationships
between snow cover on the land surface and climate variables
indicate that snow cover affects lower tropospheric tempera-
tures (Wagner, 1973; Dewey, 1977, Walsh and others, 1982; Baker
and others, 1992; Leathers and others, 1995) and atmospheric
circulation (Dickson and Namias, 1976; Heim and Dewey,
1984; Clark and Serreze, in press) on regional and possibly
even hemispherical scales. The temperature- depression effect
of snow on air temperatures is attributed to the higher albedo
of the land surface when snow cover is present. This albedo—
temperature feedback is largest in the spring, when snow cover
remains extensive and insolation is high (Groisman and
others, 1994). Snow cover also lowers tropospheric air tempera-
tures by redirecting surface energy inputs towards warming
and melting/sublimating the snowpack (Groisman and others,
1997). Snow cover over Eurasia has been shown to affect the
strength and onset of the summer monsoon and may appear
to influence the strength of the monsoonal circulation over
the western U.S.A. (see, e.g., Foster and others, 1983; Barnett
and others, 1989; Cayan, 1996; Gutzler and Preston, 1997).

To date, most regional studies have focused on the exam-
ination of local-to-regional-scale relationships between snow
and water resources, taking the viewpoint of snow cover as a
passive responder to climate variability. This study considers
snow not as a passive responder but as an active driver of
climate variability, specifically over the western U.S.A. The
research presented here describes a set of ensemble simula-
tions using the U.S. National Center for Atmospheric
Research (NCAR) Community Climate Model version 3
(GCM3) forced with anomalously high/low snow cover over
the western U.S.A. The goal of this study is to evaluate the
relative strengths of the effects of initial atmospheric condi-
tions and initial snow-cover conditions on late-season snow-
cover persistence.
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MODEL DESCRIPTION: NCAR CCM3

The global climate model used for this study is the NCAR
Climate System Model (CSM) (Boville and Gent, 1998).
The CSM includes atmospheric, oceanic, land-surface, and
sea-ice components. The atmospheric component has a hori-
zontal resolution of T42, or an equivalent grid resolution of
2.8° latitude by 2.8° longitude, and the vertical resolution is
resolved by 18 layers. The standard land-surface option for
CSM (and hence CCM3) is the Land Surface Model
(LSM; Bonan, 1998). Soil and vegetation type and character-
istics are prescribed and vary monthly. Soil temperatures
and soil moisture are calculated using a six-layer soil energy
and moisture model. The LSM incorporates components of
the improved snow hydrology of Marshall and Oglesby
(1994), including a variable snow-cover albedo and a surface
albedo based on fractional snow/vegetation cover. Snow
depth is determined using a simple mass and energy balance
and assuming a constant snow density. Hack and others
(1998) and Kiehl and others (1998) summarize important
characteristics of the model-generated climate.

The model simulation used in this study is a 45 year
CCM3 run with monthly sea-surface temperature (SST') for
each year specified according to observations supplied by the
U.S. National Centers for Environmental Prediction for the
years 1958-98 (henceforth called CCM3/SST). Results from
the CCM3/SSTrun can be directly compared to atmospheric
observations on a year-to-year basis, with the caveat that the
SST forcing is the only one that relates model years to actual
calendar years (Oglesby and others, in press).

EXPERIMENT DESIGN

We designed and executed a set of four predictability experi-
ments (see Table 1), based on years that had relatively high or
low January, February and March snow anomalies over the


https://doi.org/10.3189/172756401781819229

Marshall and others: Effect of western U.S. snow cover on climate

60N
40N 4
20N
GON
40N
T - M\B/ﬂ
\ !
| d. IMSNW | %

120W 100W 80w

120W 100W 80W

Fig. 1. Snow depths (mm w.e,) for I February showing (a) the “normal” initial conditions of snow cover for 1971, (b)) the anomalously
high snow cover of 1967, (¢ ) the anomalously low snow cover of 1969, and (d) the initial snow cover for the I m snow experiment. All

panels indicate the extent of the western U.S. domain used in averaging.

western U.S.A. and that clearly demonstrated these anomalies
on | February (Fig. 1). In each experiment we impose the
global snow-cover state from these years as the initial anom-
aly to the perturbed run (this means that there are anomalies
elsewhere on the globe). However, to perform proper predict-
ability experiments we must use initial atmospheric and
snow-cover states actually simulated by the model in the
CCM3/SST run. Each experiment set contains an ensemble
of five runs, all begun on 1 February radiation date, and as
perturbation, using as initial conditions the atmospheric
states obtained for 30 and 31 January and 1, 2 and 3 February.
The perturbation runs indicate the degree of inherent varia-
bility expected from the model.

SNWPREDI and SNWPRED2 both have initial atmos-

Table 1. Basic predictability experiments

Initial conditions
Atmosphere Surface
SNWPREDI 1 February 1971 High snow”
SNWPRED2 1 February 1971 Low snow!
SNWPRED3 1 February 1969 Normal snow?
SNWPRED4 1 February 1967 Normal snow
IMSNW 1 February 1967 I'm snow

“High snow corresponds to 1 February 1967 initial conditions.
TLow snow corresponds to 1 February 1969 initial conditions.

fNormal snow corresponds to 1 February 1971 initial conditions.
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pheric states from a “normal” year (taken to be February
1971), but forced with either high (1 February 1967,
SNWPREDI) or low (I February 1969; SNWPRED?2) initial
snow-cover conditions. These experiments help assess the
degree to which the subsequent extent of the snow cover
depends solely on the initial state of the snow cover.
SNWPRED3 and SNWPRED4 both have initial snow cov-
er taken to be near climatological values for February, but
initial atmospheric states for a high-snow period (I Febru-
ary 1967, SNWPRED4) or a low-snow period (1 February
1969; SNWPREDS3). The SSTs are selected from the same
year as the initial atmospheric state. Thus, the only quantity
we vary 1s the initial snow cover. These experiments assess
the degree to which the high- or low-snow conditions de-
pend solely on the initial state of the atmosphere.

To clarify the physical mechanisms by which snow cover
can affect climate, we employ a simulation in which an
extreme anomaly of 1m snow cover water equivalent
(IMSNW) is imposed over the western U.S. domain for the
1969 low-snow-cover-year atmosphere. The purpose of this
treatment is to distinguish the effects of a snow-cover
anomaly just over the western U.S. domain, as opposed to
anomalies that may appear within the western domain and
elsewhere.

RESULTS AND DISCUSSION

The following discussion groups the results into (a) high-
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Fig. 2. Time series of SNWPREDI ( high initial snow cover, normal snow atmosphere) and SNWPRED4 (normal initial snow
cover, high snow atmosphere) snow-cover depths (mm w.e,) compared to the control high-snow year (1967) and normal-snow year
(1971). Experiments labeled a—d correspond to ensemble members using atmospheric initial conditions corresponding to 30 and

31 fanuary, 2 and 3 February respectively.

(1967) and (b) low- (1969) snow-cover events and (c) an
imposed 1 m snow-cover anomaly, and compares:

(I) the ability of high- (low-) snow-cover events to perpetu-
ate, given atmospheric states from normal snow-cover
conditions during the accumulation season;

(2) the degree of forcing that the initial atmospheric state
from high (low) snow cover exerts on the subsequent
evolution of an initial snow cover set to the mean state;

(3) the physical processes by which anomalous snow cover
can be an active participant in impacting the atmos-
pheric state.

High snow (1967 case)

Figure 2 shows the results from the SNWPREDI and
SNWPRED4 simulations. As described above, the SNWPRED1
case 1s nitialized with the high (1967) snow cover but uses the
normal-snow-year (1971) atmospheric state. SNWPRED#4 is
initialized with a normal-snow-year (1971) snow cover but uses
the high-snow-year (1967) atmospheric state. It is obvious that
the SNWPREDI ensembles maintain the extensive initial snow-
pack for at least 6 weeks, despite an initial state of the atmos-
phere taken from the mean snow year of 1971 (Fig. 2a). The
SNWPRED#4 ensembles (Fig. 2b), on the other hand, main-
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tain the much lower initial snow cover of 1971, despite an ini-
tial atmospheric state taken from the high-snow year of 1967.

Low snow (1969 case)

Figure 3 shows the results from the SNWPRED2 and
SNWPRED3 simulations. As described previously, the
SNWPRED?2 case is initialized with the low (1969) snow
cover but uses the normal-snow-year (1971) atmospheric
state. SNWPRED3 is initialized with a normal-snow-year
(1971) snow cover but uses the low-snow-year (1969) atmos-
pheric state. The SNWPRED2 ensembles clearly maintain
the low initial snow cover of 1 February 1969 despite a mean
initial state of the atmosphere. The SNWPRED?3 ensembles
maintain a much higher degree of snow cover than in the
base 1969 case, despite an atmospheric initial state consistent
with low-snow conditions. This figure clearly indicates the
robustness of these results. SNWPRED2 and especially
SNWPRED3 track the subsequent “normal” snow cover
(1971) closely over the 90 day length of the runs.

These analyses suggest that the initial snow cover is much
more important than the initial state of the atmosphere (or of
the SST5) in predicting the extent of snow cover for the next
several months. This indicates some skill in predicting high
(low) snow cover when such anomalies are found over the
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Fig. 5. Time series of SNWPRED?2 (low wnitial snow cover, normal snow atmosphere) and SNWPRED3 (normal initial snow
cover, low-snow atmosphere) snow-cover depths (mmw.e.) compared to the control low-snow year (1969) and normal-snow year
(1971). Experiments labeled a—d correspond to ensemble members using atmospheric initial conditions corresponding to 30 and 31

January, 2 and 3 February respectively.

western U.S.A. This has obvious implications for prediction
of seasonal water resources. This work suggests that positive
(negative) snow-cover anomalies in mid- to late-winter may
lead to positive (negative) snow-cover anomalies later in the
season.

1m snow-cover case (IMSNW)

Physical feedback effects between the snow and the atmos-
phere (from the IMSNW case) demonstrate that an anoma-
lously high snow-cover extent tends to maintain conditions
favorable for the perpetuation of that snow cover. That is,
high land-surface albedos lead to decreased absorption of
shortwave radiation at the surface, which, in turn, leads to
cooler surface and near-surface air temperatures and de-
creased snowmelt (Fig. 4a and b). The cooler temperatures
and decreased rate of snowmelt lead to greater atmospheric
stability, which is conducive to an increase in atmospheric
pressure and hence changes in atmospheric circulation (Fig.
4c). On the other hand, a decreased snow extent allows for in-
creased absorption of shortwave radiation at the surface, lead-
ing to warmer surface temperatures. The excess energy is then
available for snowmelt. This process is clearly seen in our results
for the IMSNW case (Fig. 4) and is also evident in the results for
the SNWPREDI and SNWPRED?2 cases (not shown).

An alternative or complementary mechanism occurs via
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the energy required to melt the snowpack. The energy
needed to raise snowpack temperature to 0°C and to melt/
sublime the snowpack is unavailable to heat the land surface.
Subsequently, in high-snow years the overlying atmosphere
tends to remain cooler, while in low-snow-cover years such
cooling effects are reduced or even absent.

In related work, we performed a study looking at the
predictability of soil-moisture status that is analogous to the
snow study presented here (Oglesby and others, in press). As
opposed to our snow-cover results, in the soil moisture runs
the initial state of the atmosphere appears more important
than the initial state of soil moisture. Since over seven times
as much energy is required to evaporate a given mass of liquid
water as to melt the same mass of frozen water, the implication
1s that the energy required to melt snow cover is not the major
cause of the dependency on initial snow-cover state. Rather,
the snow albedo effect described earlier appears to be the
dominant mechanism.

CONCLUSIONS

We have performed a series of climate-model experiments
aimed at understanding the predictability of snow cover
based on a specified initial state. Results from these experi-
ments show that the initial snow cover plays a much more
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Fig. 4. IMSNW-1969 ( low-snow) anomalies of (a) snow-cover depth (mm s.w.e.), (b) surface temperature (TS in °C) and
(¢) sea-level pressure ( PSL in mbar) averaged for the month of April.

important role in determining the regional climate than
does the initial state of the atmosphere or of the SSTs
(although both of these would be important in setting up
the initial anomaly). These results also indicate that the
snow-cover forcing on the local climate can persist for
several weeks and attests to the strength of the snow-cover
albedo—temperature feedback on the regional climate.

Future work includes model experimentation to examine
the role of late-season (i.e. ablation-season) snow cover in
modulating early-summer precipitation anomalies and the
summer monsoon in the southwestern U.S.A. We will also
expand out from the regional view and look at the role snow
cover plays in remote forcing of climate variability, particu-
larly the possible effects of Eurasian snow-cover anomalies
on the western U.S. climate.
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