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Climate and Surface Mass Balance at Glaciar Perito Moreno, Southern Patagonia
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ABSTRACT: The mass budget of southern Patagonian glaciers is characterized by an extreme amount of surface ablation.
To understand the processes controlling surface mass balance, we analyzed in situ data including meteorological variables
and ablation stakes for the 25 years between 1996 and 2020 near the terminus of Glaciar Perito Moreno in southern Patagonia
in South America. The mean annual temperature has increased over the study period at a rate of 0.2°C decade . An
energy-balance model was applied to calculate a point surface mass balance, based on meteorological records. The
average point surface mass balance is estimated to be —16.3 m water equivalent (w.e.) yr™ ! between 1996 and 2020,
decreasing at a rate in the range from —0.4 to —0.9 m w.e. yr~ ! decade '. The greatest contribution to the surface en-
ergy balance was due to the sensible heat flux, and its variation drove the surface mass balance variation. The meteo-
rological and surface mass balance records were compared with the Southern Annular Mode and El Nifio-Southern
Oscillation, which change the atmospheric circulation over southern Patagonia and influence surface mass balance
near the terminus of the glacier. Our long-term dataset investigates the detailed meteorological conditions and surface
mass balance and their connection with the large-scale climate variability over the last 25 years, reported for the first

time in Patagonia.
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1. Introduction

Over the last several decades, the glaciers in southern
Patagonia have experienced one of the fastest mass losses
in the world (e.g., Zemp et al. 2019). The two major ice
masses, the northern and the southern Patagonian ice-
fields, have shown the largest mass loss in South America
(e.g., Braun et al. 2019; Dussaillant et al. 2019). Both ice-
fields are characterized by calving glaciers that flow into
fjords or lakes (Aniya et al. 1997). These glaciers have a
very large mass balance gradient due to large accumulation
and surface ablation (e.g., Lenaerts et al. 2014); addition-
ally, they lose mass from their terminus by frontal ablation
consisting of iceberg calving plus melting of the ice front
below the water surface. Thus, large mass loss from the gla-
ciers is explained by the negative surface mass balance
(SMB) and/or increase in frontal ablation (Minowa et al.
2021). Currently, the largest mass loss in the Patagonian
icefields is observed in lake-terminating glaciers, which ex-
tend a large ablation area at lower elevations. For those
glaciers, the surface ablation dominates the total ablation
(Minowa et al. 2021). Bravo et al. (2021a) demonstrated
that the rapid mass loss due to negative SMB will continue
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in the next decades under the series of emission scenarios.
Therefore, it is crucial to understand the processes control-
ling surface ablation and their relation to climate change in
Patagonia.

Observations and simulations have suggested that the mean
climate in Patagonia is driven by the southern westerly wind
(Garreaud et al. 2013; Lenaerts et al. 2014). The westerlies
prevail over Patagonia throughout the year and their seasonal
and interannual variability control the amount of precipita-
tion and temperature by changing the advection of the air
mass (Garreaud et al. 2013), and therefore the SMB (Schaefer
et al. 2013, 2015; Lenaerts et al. 2014; Minowa et al. 2017).
Several studies have elucidated the characteristics of surface
ablation of Patagonian glaciers, which distinguished the con-
tribution of each energy component to the SMB (Takeuchi
et al. 1995, 1996; Stuefer et al. 2007; Konya and Matsumoto
2010; Schaefer et al. 2017, 2020; Weidemann et al. 2018b,
2020; Bravo et al. 2021b) (see also Table Al in the appendix).
The sensible heat and shortwave radiation were the most dom-
inant energy fluxes contributing to the glacier melting. How-
ever, previous studies were based on fieldwork performed
only in summer months (Fukami 1987; Takeuchi et al. 1995,
1996; Konya and Matsumoto 2010; Schaefer et al. 2020), or
climate reanalysis datasets (Weidemann et al. 2018b, 2020).
Long-term meteorological and SMB observations are still
very scarce in the region, and thus the interannual variation
in SMB and its controlling processes have not yet been thor-
oughly investigated.

The climate in Patagonia is influenced by large-scale climate
variability. Several studies pointed out that the prevailing
westerly wind can be modulated by climate modes dominating
the Southern Hemisphere, resulting in variations in tempera-
ture and precipitation (Gillett et al. 2006; Garreaud 2009;
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FIG. 1. Maps of the study site: (a) Mean sea level pressure (white contours), wind (black vectors), and sea surface temperature
(color coded) of ERAS reanalysis averaged between 1980 and 2020. The red dot indicates the location of Glaciar Perito Moreno.
(b) Topographic map of the study site. Glaciers are indicated in a light-blue area, with Perito Moreno highlighted in purple.
(c) Location of the weather station (red triangle), temperature stations (red circles), and ablation stakes (crosses). The back-
ground map shows topography with 50-m contour intervals, based on SRTM DEM. Glacier margins are indicated by black lines.

Swart and Fyfe 2012). The Southern Annular Mode (SAM)
and El Nino-Southern Oscillation (ENSO) are often used as
representative indices in previous studies (Schneider and Gies
2004; Weidemann et al. 2018a; Morales et al. 2020). The SAM
is defined by the normalized monthly mean sea level pressure
difference between the mid- (40°S) and high latitudes (65°S)
(Gong and Wang 1999). It has been suggested that positive
SAM can result in warm-air advection to Patagonia by enhanc-
ing westerlies, causing an increase in precipitation and tempera-
ture, and vice versa (Gillett et al. 2006; Garreaud 2009; Swart
and Fyfe 2012). On the other hand, ENSO also plays a role in
the climate over Patagonia by modulating the westerlies
(Schneider and Gies 2004). Schneider and Gies (2004) analyzed
a climate reanalysis dataset to determine possible teleconnec-
tions of ENSO with climate in Patagonia. Their study suggested
that decreases of the sea level pressure gradient over Patagonia
weaken wind speeds during El Nifio events, whereas increases
of the pressure gradient strengthen wind speeds during La Nifia
events. However, it is not clear how these climate anomalies
modulate the SMB in Patagonia, primarily due to a lack of
long-term observations. Since both SAM and ENSO are anti-
cipated to change in the coming decades due to anthropogenic
influences (Gillett et al. 2006; Thompson et al. 2011; Jones et al.
2016; Cai et al. 2018; Zambri et al. 2021), understanding the

connection between climate modes and SMB has importance
for predicting the future fluctuation of Patagonian glaciers.

In this study, we analyzed meteorological and ablation
stake length records between 1996 and 2020 at Glaciar Perito
Moreno, located on the east side of the Southern Patagonian
Icefield. We investigated hourly to interannual variations in
hourly to interannual meteorological records during the pe-
riod. Energy balance and SMB models were used to calculate
a point SMB, which we validated with repeated stake meas-
urements. The dominant process controlling the SMB was in-
vestigated by diagnosing the components of energy balance.
The 25-yr record of meteorological conditions and SMB were
compared with SAM and ENSO.

2. Study site

Glaciar Perito Moreno (50.5°S, 73.2°W) is located in south-
ern Patagonia where the strongest westerlies have been found
(Swart and Fyfe 2012; Garreaud et al. 2013) (Fig. 1a). Storm
tracks are present year-round at this glacier’s latitude, with
less seasonality as compared to the Northern Hemisphere
(Trenberth 1991; Hoskins and Hodges 2005). Large-scale
atmospheric patterns over southern South America were ana-
lyzed with climate reanalysis datasets to understand their
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influences on the local weather conditions in southern Pata-
gonia (Schneider and Gies 2004; Weidemann et al. 2018a). De-
velopment of the South Pacific anticyclone and the Amundsen
Sea low causes prevailing westerlies over the southern South
Anmerica, which are more frequent during the austral summer
than austral winter. Overall, this pattern accounts for about
30% of the synoptic weather patterns (Weidemann et al.
2018a). The intensity, location, and course of the westerlies are
modulated by the location of the high pressure in the midlati-
tudes and the low pressure cells in the high latitudes (Fig. 1a),
which determines the local weather conditions.

Glaciar Perito Moreno is a lake-terminating glacier flow-
ing from the southern Patagonian icefield, covering an area
of 259 km? (Fig. 1b) (De Angelis 2014). It flows along the
east side of the Andes [2950 m above mean sea level (MSL)]
into Lago Argentino (177.5 m MSL) (Fig. 1c). The glacier has
shown only small ice-front variations over the last several deca-
des in contrast to other glaciers in Patagonia (Sakakibara and
Sugiyama 2014; Minowa et al. 2017). Several factors seem to ex-
plain the stable behavior of the glacier, such as the relatively
large accumulation-area ratio, shallow bathymetry at the ice
front, and steep surface topography around the equilibrium-line
altitude (Aniya and Skvarca 1992; Stuefer et al. 2007; Minowa
et al. 2015).

Since the approach to the glacier is relatively easy when
compared to other Patagonian glaciers, several field observa-
tions of SMB were performed in the ablation area of Glaciar
Perito Moreno (Takeuchi et al. 1995, 1996; Stuefer et al.
2007). Takeuchi et al. (1995) carried out the first meteorologi-
cal observations on the glacier over two weeks in November,
calculating its energy balance. They found that the net short-
wave radiation and sensible heat flux dominate the energy
source in surface ablation. Stuefer et al. (2007) measured the
ablation with stakes deployed over the ablation area ranging
between approximately 200 and 700 m MSL for 7 years follow-
ing 1995. A high surface ablation reaching 18 m water equivalent
(w.e.) yr~! was measured at the lowest stake. The stable glacier
behavior and relatively easy access are favorable for long-term
monitoring of SMB and meteorological conditions near the gla-
cier front.

3. Methods and data
a. Meteorological records

We recorded local weather at several automatic weather
stations (AWSs) located on the bedrock near the glacier front
and on the glacier surface (Fig. 1c). Tables A2 and A3 in the
appendix respectively summarize the list of weather stations
and their observation periods and locations and the list of
parameters used in this study. A long-term AWS, named
Estacién Meteoroldgica Moreno (EMMO), has been contin-
uously operating since late 1995 (Stuefer 1999; Stuefer et al.
2007), located on the bedrock 450 m southeast of the glacier
front (Fig. 1c). EMMO measures air temperature, relative
humidity, air pressure, downward shortwave radiation, wind
speed, and wind direction at 1-h intervals (Table A3). Except
for the air temperature, there are data gaps in 2001 and 2003
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due to a datalogger failure. Data gaps for the air temperature
were complemented by a backup temperature logger (Ondotori
TR52) mounted on the same pole. In February 2016, we in-
stalled a weather station (Vaisala WXT520) (EMMO2) on
the same pole. While otherwise having the same meteorologi-
cal parameters as EMMO, it also measures liquid precipita-
tion by means of a sensor sensitive to raindrop intensity.
During the field campaigns, several temporal temperature
and humidity sensors were also installed on the glacier near
the ablation stakes (Table A2). Air temperature and relative
humidity, measured on ice every 5 min, were compared with
those recorded by EMMO for calibration. The long-term me-
teorological variables obtained by EMMO were compared
with those from EMMO2 between 2016 and 2020 and those
from ERAS between 1996 and 2020 to evaluate aging of the sen-
sors (Table A4 in the appendix), which we discuss in section Sa.

b. Ablation stake measurement

SMB was measured at three stakes located at 230 (S1), 357
(S2), and 485 (S3) m MSL in the ablation area of the glacier
(Fig. 1c). S1 has been maintained since 2003 with a 3-yr data
gap between 2006 and 2009. We used 5-8 wooden stakes that
are 2 m long each, connected by rubber tubes and installed
into the ice using a Heucke steam drill (Heucke 1999). To
avoid enhancing ice melt, the stakes were painted white. The
stake height and the length between the stake top and the ice
surface were measured with the help of local mountain guides,
who also noted objective weather and glacier surface conditions.
In total, we measured the stake length 1017 times, with a mean
measurement interval of 4.7 days. At S2 and S3, stakes were in-
stalled occasionally during field campaigns on the glacier.

c. Surface mass balance modeling

To investigate energy fluxes contributing to SMB, we solved
an energy-balance model at S1 by a glacier energy and surface
mass balance model named GLIMB (e.g., Fujita and Ageta
2000; Fujita and Sakai 2014). In this section, we described
some essentials of the model. SMB (i.e., b,,;; m w.e. day ') was

calculated as
/ P> 1)

where P, is the snowfall rate (mm w.e. day '), H,,, is the heat
flux for ice melting (W m™2), ; is the latent heat of fusion
(333.5kJ kg~' m™3), E,, is evaporation rate (mm w.e. day '),
Ry is the refreeze rate (mm w.e. day '), and p,, is water den-
sity (1000 kg m~3).

The heat balance at the glacier surface is described by

b =|P

m s

Hm
— M E, 4R,

i

H, =R, +H +H +H, +H, @

where R,, is net radiation flux, H; is sensible heat flux, H; is
latent heat flux, H, is heat flux from liquid precipitation, and
H, is the conductive heat flux into ice or snow. The flux R,, is
calculated as

R, =(1— )R + &[Rf — o(T, +273.2)"], (3)
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where « is surface albedo, R} is incoming shortwave radiation
(W m™?), & is the emissivity of the ice/snow surface, o is the
Stefan—Boltzmann constant (5.67 X 1078 W m™2 K™%), and 7,
is the surface temperature (°C). The albedo « was determined
by the condition of the glacier surface. When bare ice is ex-
posed we assumed it to be 0.3, while we modeled it when the
surface is covered by snow based on the relationship between
albedo and snow density (Fujita and Ageta 2000). Downward
longwave radiation Rll is estimated from the dewpoint tem-
perature at the surface with empirical equations that depend
on the sunshine ratio (Kondo 1994, 86-91). Relative humidity
and saturated vapor pressure were used to calculate the dew-
point temperature. The sunshine ratio was calculated based
on the observed downward shortwave radiation and theoreti-
cal solar radiation at the top of the atmosphere. The magni-
tude of possible error in the calculated R,l was reported to be
10-20 W m ™2 (Kondo 1994). The snow or ice surface temper-
ature 7, was determined by an iterative calculation (Fujita
and Ageta 2000).

The values of H, and H; were calculated with the bulk
equations (e.g., Fujita and Ageta 2000; Fujita and Sakai 2014)

H =c,p,CUT—T,) and 4)

H, = LE, = 1,p,CU[RHq(T) — q(T,)], ®)
where ¢, is the specific heat of air (1006 J kg~ K1), p, is the
density of air (kg m?), C is the bulk transfer coefficient of
sensible and latent heats (0.002), U is the wind speed at a 2-m
height (m s™'), T is air temperature (°C), [, is the latent heat
of evaporation of water (2.5 X 10° J kg~ !), RH is relative hu-
midity, and ¢ is saturated specific humidity (kg kg™ '). The
bulk transfer coefficient used in this study was the best-fit
value of observations (Kondo and Yamazawa 1986).

The energy received from rainfall was calculated as
H, = p,c,P (T, — T,), where c, is the specific heat capacity
of water (4218 J kg~' K1), P, is rainfall rate (mm s~ '), and
T, is rain temperature, assumed to be equal to air temperature.

The term H, is calculated from the snow and ice tempera-
ture profile with a heat transfer equation (Fujita and Ageta
2000). When the glacier surface is not covered by snow, the
temperature profiles were solved from a thermal conduction
equation. When the glacier is at melting point or covered by
wet snow, H, is set to zero because of no temperature gradi-
ent. When the surface temperature is negative, the heat flux
from the glacier to the surface can be calculated (Fujita and
Ageta 2000).

ENERGY-BALANCE AND SURFACE MASS BALANCE
MODELS

Input data for the model are the daily mean values of
downward shortwave radiation, air temperature, relative hu-
midity, and wind speed and the daily amount of precipitation.
We used the meteorological record observed hourly between
1996 and 2020 at EMMO. Daily variables, except for precipita-
tion, were calculated from the observed record. Since EMMO
is located on bedrock near the terminus of the glacier, air tem-
perature and relative humidity at EMMO could differ from
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those on the glacier surface due to the atmosphere—ice interac-
tions (e.g., Petersen and Pellicciotti 2011; Bravo et al. 2019).
Thus, we calibrated temperature and relative humidity by
comparing them with those observed on the glacier near S1
(Fig. 1c). Linear functions were applied to estimate air temper-
ature (correlation of determination /* = 0.99; standard devia-
tion SD = 0.3°C) and relative humidity (+* = 0.98; SD = 2.3%)
on the glacier (Fig. Al in the appendix). The sensitivity of the
SMB model for the temperature, relative humidity, and wind
speed was evaluated by the one standard deviation of its inter-
annual variation. A continuous liquid precipitation measure-
ment was initiated in 2016. Thus, we used precipitation from
the hourly ERAS total precipitation after calibrating with ob-
servations. We find that the observed liquid precipitation is
smaller by a factor of 0.37 than the modeled liquid precipita-
tion (Fig. A2 in the appendix), which was used to calibrate the
modeled precipitation. Although most of the precipitation falls
with liquid precipitation at this altitude of the glacier, solid
precipitation can be observed over the winter months. The
sensitivity of the SMB, which is dependent on the amount of
precipitation, was investigated in section Sc. Last, our hourly
meteorological record except for the air temperature has some
data gaps, which is 3.2% for the whole observational period.
We filled these gaps with the ERAS hourly reanalysis dataset
after calibrating with the observed values (Fig. A3 in the
appendix). Linear functions were applied for air tempera-
ture, wind speed, downward shortwave radiation, and rela-
tive humidity.

d. Reanalysis data and climate proxies

Monthly ERAS reanalysis data, made available by the
European Centre for Medium-Range Weather Forecasts, were
used to understand how synoptic-scale climate relates to the
SMB. We used the 10-m height wind and mean sea level pres-
sure between 1980 and 2020 over 40°-110°W and 10°-80°S. The
product has a horizontal resolution of 0.25° X 0.25° (or approxi-
mately 28 X 28 km?).

We obtained two climate indices, namely SAM and ENSO.
We utilized the SAM index calculated by the air pressure
observed around 40° and 65°S (Marshall 2003) (https://
climatedataguide.ucar.edu/climate-data/). At both latitudes,
mean zonal sea level pressure was calculated by six weather
stations. For ENSO, we used the bimonthly multivariate
ENSO index (MELv2; https://psl.noaa.gov/enso/mei/). The
index was obtained by the empirical orthogonal function of
sea level pressure, sea surface temperature, zonal and me-
ridional components of the surface wind, and outgoing long-
wave radiation over the tropical Pacific Ocean between 30°S
and 30°N and between 100°E and 70°W (Wolter and Timlin
2011).

4. Results
a. Meteorological records

Daily and monthly meteorological records between 1996
and 2020 are shown in Fig. 2. Mean meteorological values at
EMMO were 6.7°C for temperature, 67% for relative humidity,
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FIG. 2. Meteorological data at EMMO in the vicinity of Glaciar Perito Moreno, measured hourly (gray curves)
from 1996 to 2020, along with monthly mean (black dots) (a) air temperature 7, (b) relative humidity RH, (c) incom-
ing shortwave radiation R}, (d) wind speed U, and (e) wind direction U,. (f) Monthly total rainfall P, (black bars).
(g) The surface mass balance b, measured by ablation stakes (black dots). The gray-shaded areas indicate data gaps.

4.1 m s~ ! for wind speed, and 943 mm for annual precipitation
(Table 1). Clear seasonality is visible in air temperature, relative
humidity, downward shortwave radiation, and wind speed
(Figs. 2 and 3). The monthly mean temperature at EMMO
ranged between 0.12° and 11.96°C (Table 1), reaching a mini-
mum in July and a maximum in January (Fig. 3b). During the
summer months, we observed stronger wind accompanied by
lower humidity than in winter months. Westerly wind domi-
nated the entire period. Occasionally the east wind was ob-
served in winter (Figs. 2e and 3f). Mean monthly wind
direction converged between 247° and 264°. Probably because
of the limited period of observation for liquid precipitation,
seasonality in precipitation was not observed (Fig. 3g).

Mean diurnal variations for each month are shown in
Figs. 3h-m. The magnitude varied along the months, but similar

TABLE 1. Summary of mean annual, daily, and monthly ranges
of meteorological data obtained between 1996 and 2020.

Units Mean Daily range Monthly range
T °C 6.71 From —7.01 to 19.29 0.12-11.96
RH % 67.1 23.9-98.0 52.8-85.9
R Wm™? 128 0-383.8 19.4-267.7
U ms' 4.1 0-14.1 0.9-6.6
U, ° 257 0-346 247-264
P, mm 943 0-79.7 3.4-262.4

diurnal variations were found in temperature, relative hu-
midity, and wind speed (Figs. 3h,i,k). Air temperature, rela-
tive humidity, and wind speed covaried during the daytime,
which showed 2 h of delay in the daily peaks, compared
with downward shortwave radiation and wind direction
(Figs. 3h,i,k). As air temperature and wind speed increase
in the afternoon, relative humidity decreases. As downward
shortwave radiation increased, the wind direction starts to
vary about 5° from ~255° to 260° (Figs. 3j,1). Shortwave ra-
diation reaches its daily peak at around 1300-1400 local
time (Fig. 3j).

Substantial interannual variabilities in the meteorological
records were observed in air temperature and wind speed
(Fig. 4). The annual temperature at EMMO showed a warming
trend during the study period (Fig. 4a; 0.2° * 0.1°C decade™!;
p = 0.09). The warming trend was stronger in the mean sea-
sonal temperature during DJF (Fig. 4d; 0.31° + 0.1°C decade™!;
p = 0.09) and SON (Fig. 4c; 027° + 0.2°C decade™'; p = 0.16),
while there was no clear trend during JJA and MAM
(Figs. 4b,e). In the wind speed, there was large year-to-year
variability (Fig. 4f). The annual mean wind speed was relatively
similar between 1996 and 2006. Subsequently, the positive
wind speed anomalies continued for several years between
2007 and 2015, followed by a sudden drop in 2016 and 2017 of
0.79 m s~ 1. The reduction is due to the wind speed decrease in
DJF and MAM (Figs. 2d and 4i,j).
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FIG. 3. Mean monthly (a) surface ablation rate, (b) air
temperature, (c) relative humidity, (d) shortwave radiation,
(e) wind direction, (f) wind speed, and (g) precipitation. Open
circles show the mean value for the meteorological records.
Vertical lines indicate 1 standard deviation. Also shown are
hourly (h) air temperature, (i) relative humidity, (j) shortwave
radiation, (k) wind direction, (1) wind speed, and (m) precipi-
tation for each month (color shading). Mean values are calcu-
lated with the hourly record at EMMO between 1996 and
2020, except that the liquid precipitation is based on the data
since 2016.

b. Surface mass and energy balances

SMB calculated from individual stake measurements is
shown in Fig. 2g. It ranges from 0.02 to —0.32 m w.e. day !
with a mean of —0.06 m w.e. day~'. The monthly SMB showed
the minimum in January and February (—0.09 m w.e. day ')
and the maximum in July and August (—0.004 m w.e. day ')
(Fig. 3a). Hence, the glacier melts throughout the year at S1
(Fig. 1c).

The annual mean modeled SMB b,,, was —16.3 m w.e. yr !
between 1996 and 2020 (Fig. Sa). The annual mean observed
SMB b, (—163 m w.e. yr ') agreed well with the modeled
SMB (—16.5 m w.e. yr ') for the corresponding years with
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the root-mean-square of 0.69 m w.e. yr'. At this location of
the glacier, the SMB was nearly equal to surface ablation. The
contribution from snowfall, refreezing and evaporation is neg-
ligibly small [Eq. (1)]. The mean difference between SMB
and surface ablation was 0.09 m w.c. yr~ . The modeled SMB
showed interannual variability ranging from —13.4 m w.e. yr™!
in 1997 to —17.8 m w.e. yr ! in 2020 (Fig. 5a). Over the study
period between 1996 and 2020, the annual modeled SMB showed
a decreased trend with a rate of —0.9 + 0.3 m w.e. yr ! decade !
(p = 0.01). The sensitivity of the SMB model to the input da-
taset was investigated. It was from —0.95 to 0.96 m w.e. yr
per * 0.4°C for air temperature, from —0.02 to 0.0 m w.e. yr~ !
per = 5 W m 2 for downward shortwave radiation, from
—0.41t0 042 m w.e. yr~ ! per = 2% for relative humidity, and
from —0.65 t0 0.65 m w.e. yr ! per + 0.3 ms ™! for wind speed.
The sensitivity of the SMB for precipitation is described in
section 5c.

Interannual variabilities in the energy flux components are
indicated in Fig. 5b. Sensible heat flux and net shortwave radi-
ation showed the largest contribution to the point SMB in the
ablation zone. The sensible heat flux shows larger interannual
variability ranging from 82.6 to 117.2 W m™? than the net
shortwave radiation ranging from 80.7 to 94.0 W m™2, and it
is similar to the interannual variability of annual SMB (Fig. 5a).
The trends in the energy flux components were calculated to be
—23 * 0.8 Wm 2 decade ! (p < 0.01) for net shortwave radi-
ation, 3.6 = 0.3 W m~2 decade™* (p < 0.01) for net longwave
radiation, 2.5 + 2.4 W m 2 decade ' (p = 0.42) for sensible
heat flux, and 6.1 = 0.7 W m™2 decade™! (p < 0.01) for latent
heat flux. However, the trends observed in net shortwave radia-
tion and latent heat flux need caution because of the limitation
of our AWS. Possible influences on the energy and surface
mass balances are discussed in section 5a.

On average, sensible heat flux (mean = 102 + 26 W m ™2,
fraction in total energy balance = 58.8%) and net shortwave
radiation (86 = 10 W m ™2, 49.9%) showed the greatest contri-
bution to the energy balance (Fig. 6a). The contribution of net
longwave radiation was negative (=29 + 9 W m™% —16.9%)
to the energy balance, indicating a larger longwave going out
from the glacier surface than that incoming from the atmo-
sphere. Latent heat flux was 12 = 15 W m ™2 (6.8%), indicating
a heat supply due to condensation. Heat flux due to liquid pre-
cipitation and heat conduction had a minor influence on the
energy balance, 1.4 + 0.6 Wm ™2 (0.8%) and 0.9 + 1.1 W m >
(0.5%), respectively (Fig. 6a).

Energy flux contributions showed seasonal variability
(Fig. 6b). From September to December, the net shortwave ra-
diation flux has a slightly larger contribution to the energy bal-
ance than the sensible heat flux. In the rest of the months, the
sensible heat flux has the greatest contribution to the energy
balance. Longwave radiation showed a negative contribution to
the energy balance throughout the year and its seasonal vari-
ability was small. Latent heat flux showed a positive contribu-
tion between December and May, and a slight negative
contribution between August and October. From May to
September, the conductive heat flux showed a small positive
contribution to the energy balance (Fig. 6¢). This means
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FIG. 4. (a),(f) Annual and (b),(g) JJA; (c),(h) SON; (d),(i) DJF; and (e),(j) MAM seasonal mean (left) air tempera-
ture and (right) wind speed anomalies calculated at EMMO between 1996 and 2020. A linear regression is indicated by
the black dashed lines. The slope of the regression line and its significance are indicated in each individual panel.

that the heat conducts from the ice body to the glacier sur-
face when the glacier surface is cooled by the atmosphere.

5. Discussion
a. Uncertainties in measurements and calculation

Our meteorological records are long, but they may contain
systematic errors due to aging of the sensors and so cause an
error in the calculated SMB. To identify possible errors, we
analyzed correlation, standard deviation, and trend in the in-
dividual daily variables recorded in EMMO and EMMO2
between 2016 and 2020 and in EMMO and ERAS5 between
1996 and 2020 (Table A4 in the appendix). Air temperature,
relative humidity, and wind speed show a very high coefficient
of determination (+* > 0.9) between EMMO and EMMO2
with limited deviation as compared to the nominal accura-
cies (Table A3 in the appendix). Air temperature and rela-
tive humidity showed a similar trend between 2016 and 2020
in both stations (Table A4), while the trend in wind speed is
smaller in EMMO2 (0.57 m s~ ' decade™") than in EMMO
(1.42 m s~ ! decade ™ !). The difference may arise from differ-
ent sensors: while EMMO uses a conventional anemometer,
EMMO?2 uses an ultrasonic wind sensor, which is generally
more sensitive to a breeze. Although comparing EMMO
and ERAS reanalysis data with the local meteorological da-
taset is not straightforward due to the large difference in
spatial resolution, we find the opposite trend particularly in

relative humidity and shortwave radiation, implying a possi-

bility of a drift in the measured variables (Table A4).
Nevertheless, if we remove the possible systematic errors

in shortwave radiation and relative humidity with a best-fit
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FIG. 5. (a) Annual modeled point surface mass balance at S1 cal-
culated from the stake measurement (b,; black squares) and SMB
model with EMMO station record (b,,; red circles). The best-fit re-
gression line of b,,, is indicated in the black dashed line. Also shown
are (b) annual energy fluxes for net shortwave radiation R, net
longwave radiation R,, sensible heat H,, latent heat H,, heat flux
from liquid precipitation H,, and conductive heat flux H,.

Unauthenticated | Downloaded 01/05/23 04:18 AM UTC



632 JOURNAL OF CLIMATE VOLUME 36
@ ®) OR, AH, OH ©
200 o RI < HI e Hg 5
g% 150 ‘
£ Vi
=3 100
% 50 0
=t
3 50
g
w O 0le
-50 -

F A J A O D
Month

FIG. 6. Mean energy flux components between 1996 and 2020: (a) mean annual energy flux
components (colored bars) and 3 standard deviations of annual energy fluxes vertical lines),
(b) monthly energy fluxes, and (c) an enlargement of part of (b) to show detail.

linear model, it did not change the mean annual point SMB
and mean annual energy balances. The root-mean-square
between the observed and modeled SMB was only reduced
by 0.03 m w.e. yr . Hence, it is unlikely that uncertainties
in the measurement influence our calculated mean annual
energy and surface mass balances. However, interannual
variability, particularly in relative humidity, has higher sen-
sitivity in the SMB model than the other variables (section 4b),
because of its impact on the latent heat flux and net long-
wave radiation. If we exclude the trend observed in relative
humidity with a linear model, the calculated trend becomes
1.0 + 0.5 W m ™2 decade ! for net longwave radiation and
1.1 = 0.7 W m 2 decade ™' for the latent heat flux. This re-
sults in a smaller negative trend of SMB, which varied from
—0.9 + 0.3 to —0.4 + 0.3 m w.e. yr ! decade™!. Therefore,
caution is needed in interpreting the influence of net long-
wave radiation and latent heat flux on the long-term trend
in the SMB (Fig. 5).

b. Climate and surface mass balance observed at Glaciar
Perito Moreno

The means of meteorological variables show that the gla-
cier is situated in warm, moderately dry, and windy conditions
(Table 1; Fig. 2) with respect to other glaciers in the midlati-
tude locations in Switzerland (Oerlemans et al. 2009), Norway
(Giesen et al. 2009), and New Zealand (Cullen and Conway
2015) (Table Al in the appendix), due to the much lower alti-
tude of the terminus location (Fig. 1), and an influence of rain
shadow effect on the lee side of the Andes (Garreaud 2009).

The mean meteorological variables were also compared with
previous meteorological observations in Patagonia (Schneider
and Gies 2004; Weidemann et al. 2018a; Temme et al. 2020).
A first comprehensive meteorological observation in southern
Patagonia was performed along with a west-to-east profile
across the southern Patagonia around ~52.8°S, approximately
260 km south of Glaciar Perito Moreno (Schneider and Gies
2004; Weidemann et al. 2018a). One of their AWSs, named
Puerto Bahamondes, located on the lee side of Gran Campo
Nevado Ice Cap, shows similar annual mean air temperature
(6.0°C) and seasonal variability [see Table S1 of Weidemann
et al. (2018a)]. On the other hand, the meteorological data at

EMMO showed windier and drier conditions and less precipi-
tation than their station (Table 1). We interpret this to be a
result of the westerlies flowing over the higher Andean
mountains (~3000 m) at Glaciar Perito Moreno than at Gran
Campo Nevado Ice Cap (~1500 m), which would cause the
air mass to lose more moisture on the windward side, giving
place to the drier air mass observed at EMMO. Other west-
to-east observations were reported in the southern Patago-
nian icefield around 51°S, ~50 km south of Glaciar Perito
Moreno (Temme et al. 2020). Mean temperature and precipi-
tation were obtained near the terminus of Gray and Tyndall
glaciers, which are located on the lee side of the Andes
(peaks range from 2000 to 2500 m). Annual mean air temper-
ature and annual precipitation were 6.4°C and 866 mm at
Glaciar Gray and 6.0°C and 1212 mm at Glaciar Tyndall, re-
spectively, very similar values to those observed at Glaciar
Perito Moreno.

The annual temperature record showed a positive trend of
0.2° = 0.1°C decade™' over the 25-yr period, which was en-
hanced in DJF (0.31° + 0.1°C decade™!) and SON (0.27° *
0.2°C decade™!) (Figs. 4a,c,d). The observed warming trend
in the annual temperature is due to the cold anomaly years in
1997, 2000, and 2002, and almost continuous warm anomaly
years since 2007 (Fig. 4a). This trend of annual temperature
is larger than the previously reported temperature change.
Ibarzabal et al. (1996) found a warming of 0.3°C between
1940 and 1990 (0.06°C decade ') recorded at a weather sta-
tion in El Calafate, located ~60 km east of Glaciar Perito
Moreno (Fig. 1b). Reanalysis data at the grid point includ-
ing the glacier (50°S and 75°W) show a warming of 0.5°C
between 1960 and 1999 (0.13°C decade ') (Rasmussen et al.
2007). Weidemann et al. (2018a) reported annual and sea-
sonal mean temperature trends observed by five weather sta-
tions across the west-to-east transect at 53°S between 2000 and
2016. A positive trend was found on two out of five weather
stations (0.51° and 0.2°C decade™ ") (Weidemann et al. 2018a).
These results suggest that the warming rate near the icefield has
increased in recent decades, particularly in the summer months,
which we further discuss with climate indices in section 5d.

Although we observed a warming trend in air temperature
and calculated a decrease of SMB over the last 25 years
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TABLE 2. The correlation coefficient between surface mass balance and energy fluxes and meteorological parameters. The
correlation coefficient was calculated based on annual mean variables averaged between 1996 and 2020. Boldface italic font indicates

a correlation significance level at p value 0.05 or better.

Rs Rl Hx Hl Hr Hg Pr Ps T TSON TDJF TMAM TJJA U USON UDJF UMAM UJJA
r 0.01 —0.63 —0.89 —0.65 —0.53 0.32 —0.39 —0.06 —0.89 —0.67 —0.56 —0.53 —0.35 —0.56 —0.58 —0.46 —0.19 —0.28
pvalue 0.96 001 001 001 001012 006 077 001 001 001 001 009 001 001 002 037 02

(Figs. 4 and 5), the ice front position and the surface eleva-
tion of Glaciar Perito Moreno have been stable (Aniya and
Skvarca 1992; Minowa et al. 2015, 2017). This is because the
mass balance of a calving glacier is largely influenced by
glacier flow, particularly near the terminus (e.g., Meier and
Post 1987). Nonetheless, decreased SMB results in surface
lowering and an increased amount of meltwater, which can
initiate the dynamic retreat of a calving glacier. Because
the lower reach of the glacier shows a very high sensitivity
to the effective pressure (Sugiyama et al. 2011), that is, ice
overburden pressure minus subglacial water pressure, both
surface lowering and increases of meltwater would acceler-
ate the ice flow. The balanced mass budget of the glacier
would break such as is observed in other calving glaciers in
Patagonia (Rivera et al. 2012; Sakakibara et al. 2013; Sakakibara
and Sugiyama 2014; Minowa et al. 2021).

¢. Processes controlling surface mass balance

The observed and modeled point SMB at S1 show a
large negative SMB value, which decreased between
—0.4 and —0.9 m w.e. yr ' decade ! over the study period
(Fig. 5a). The value is consistent with previous estimates of
—18 m w.e. yr ! at the glacier terminus (Stuefer et al. 2007),
confirming that a marked negative SMB occurred near the
terminus of the glacier in Patagonia compared with other
glaciers in the world (e.g., Cuffey and Paterson 2010). The
energy flux contributions to SMB indicate the importance of
sensible heat flux and net shortwave radiation at the glacier
(Fig. 6a), and their contribution varied seasonally (Fig. 6b).
Our estimate represents the contribution of mean energy
flux better than previous studies, which period of measure-
ment was limited mostly to the summer months, on glaciers
located in similar climate settings in Patagonia (e.g., Takeuchi
et al. 1995; Schaefer et al. 2020) (see also Table Al in the
appendix). The sensible heat flux also shows a large interannual
variability (Fig. 5b), which was first shown by the long-term ob-
servational data in this study.

The point SMB and energy flux components were com-
pared with those reported for the other glaciers located at the
midlatitudes (i.e., Switzerland, New Zealand, and Norway),
which were based on a meteorological dataset covering a
whole annual cycle (Oerlemans et al. 2009; Giesen et al. 2009;
Cullen and Conway 2015) (Table Al in the appendix). The
point SMB obtained at Glaciar Perito Moreno was several
times as large as the other regions because of the high sensible
heat flux and net shortwave radiation (Table A1). Compared
with other midlatitude glaciers, the glacier terminus is located
at a low altitude, resulting in a higher mean temperature.
Mean wind speed was higher and relative humidity was lower

than in other glaciers except for Vadret da Morteratsch in
Switzerland (Oerlemans et al. 2009). These conditions caused
the higher sensible heat flux at Glaciar Perito Moreno [Eq. (4)].
The relatively high temperature also allowed more vapor
within the atmosphere [Eq. (5)], causing higher latent heat flux
at Glaciar Perito Moreno than the other locations (Table Al).
In addition to the warm temperature, much lower precipitation
was observed at Glaciar Perito Moreno, where most of the
precipitation occurs as rain. This condition causes the ice sur-
face to keep bare ice most of the year except for occasional
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FIG. 7. Modeled monthly point (a) surface mass balance, (b) air
temperature at EMMO, and (c) wind speed anomalies and (d) SAM
and (e) ENSO climate indices. (a) In (a)-(c), gray and thick black
lines respectively indicate monthly values and 3-yr running average.
In (d) and (e), thin colored lines indicate monthly indices and thick
lines show the 3-yr running average.

Unauthenticated | Downloaded 01/05/23 04:18 AM UTC



634 JOURNAL OF CLIMATE VOLUME 36

TABLE 3. Correlation coefficients between temperature, wind speed, and surface mass balance and ENSO and SAM. In the first
row, monthly temperature, wind speed, and surface mass balance were compared with monthly SAM and ENSO. In the other rows,
seasonal mean temperature, wind speed, and surface mass balance were compared with seasonally averaged SAM and ENSO.
Correlation significance at p values of better than 0.land better than 0.05 are indicated by boldface and boldface italic fonts,
respectively. Seasonal variability was removed upon comparison from the meteorological and SMB records by subtracting the mean

monthly value between 1996 and 2020.

T-SAM T-ENSO WS-SAM WS-ENSO b,—SAM b,~ENSO

Monthly

r 0.30 -0.23 0.17 -0.22 —0.34 0.32

p value 0.01 0.01 0.02 0.01 0.01 0.01
JJA

r 0.14 —0.09 0.19 —0.02 —-0.14 0.15

p value 0.49 0.67 0.35 0.93 0.51 0.48
SON

r 0.47 -0.37 0.42 —0.27 —0.53 0.39

p value 0.02 0.06 0.04 0.2 0.01 0.06
DIJF

r 0.39 —0.09 0.15 —0.28 —0.35 0.31

p value 0.05 0.27 0.48 0.18 0.08 0.14
MAM

r 0.00 —0.35 —0.21 —0.51 0.12 0.40

p value 0.99 0.09 0.33 0.01 0.56 0.05

snowfall from June to September, which is much longer than
the other locations (Oerlemans et al. 2009; Giesen et al. 2009;
Cullen and Conway 2015). The lower surface albedo resulted
in greater net shortwave radiation at Glaciar Perito Moreno
than at other glaciers.

Annual SMB highly correlates with annual mean sensible
heat (r = —0.89; p < 0.01) between 1996 and 2020 (Table 2).
The sensible heat flux shows a positive trend of 2.5 =*
2.4 m w.e. yr ' decade™'. These suggest that the calculated
interannual variation of SMB was controlled by the variability
in sensible heat. For example, a larger interannual variation
in the SMB can be found between 1996 and 2005 than in the
rest of the years due to low SMB in 1997, 2000, and 2002
(Fig. 5a). For those years, low sensible heat flux was calcu-
lated due to low temperature and wind speed (Figs. 4 and 5b).
Because the sensible heat flux is controlled by air temperature
and wind speed, we further compared the annual mean SMB
with annual and seasonal means of temperature and wind
speed (Table 2), except for the winter mean due to its limited
influence on SMB. Annual temperature shows a strong nega-
tive correlation with annual SMB (r = —0.89; p < 0.01), which
was higher than that observed with wind speed (r = —0.56;
p < 0.01) (Table 2). The seasonal mean temperature in SON,
DJF, and MAM, and wind speed in SON and DJF also show
a negative correlation with annual SMB (Table 2). The highest
correlation was found for temperature (r = —0.68; p < 0.01)
and wind speed (r = —0.58; p < 0.01) in SON among the sea-
sons, implying a large influence on the negative SMB (Fig. 5a).
These results suggest that the recent temperature increase is
one of the causes of the decrease in SMB, which is modulated
by the relatively large interannual variability of the wind speed
mainly through the sensible heat flux (Fig. 4).

Latent heat flux and net longwave radiation showed also
a positive relationship with the SMB (Table 2). A trend

obtained for latent heat flux (6.1 + 0.7 W m ™2 decade ') and
longwave radiation (3.6 = 0.3 W m™2 decade™!) was larger
than that obtained for the sensible heat flux. However, we
need caution to interpret their influences on the interannual
variability in the SMB due to our limitation in the measure-
ment as described in section 5a. Indeed, further evaluation of
the measurements as well as replacement of the instruments
is necessary to identify the influence in the energy flux compo-
nent on the long-term trend in the SMB properly. While an
accurate conclusion for the influences of latent heat flux and
longwave radiation on the trend in the SMB is not conclusive
in this study, our data indicate that both latent heat flux and
longwave radiation played a role in SMB. Negative correla-
tion was calculated for latent heat flux (r = —0.51; p < 0.01)
and longwave radiation (r = —0.46; p < 0.02) to the SMB
even after removing long-term trends in relative humidity. In
addition to this, we find a gradient increase in latent heat flux
(1.1 = 0.7 W m > decade™!; p = 0.17) and longwave radiation
(1.0 = 0.5 W m ™2 decade ™ !; p = 0.04) over the study period
with the detrended relative humidity. The seasonal relative
contribution of energy fluxes at S1 shows that from December
to March the latent heat flux contributes to melting because
the condensation and longwave radiation reduces their nega-
tive contribution due to increased radiation from warm, hu-
mid air (Fig. 6b). The largest air temperature warming trend
over the study period was observed in austral summer (DJF),
which can be the result of an increase in latent heat flux and
longwave radiation due to the increase of saturated specific
humidity in warmer air. On the other hand, a slightly negative
value of latent heat flux was obtained between August and
October (Fig. 6¢). In those months, air temperature is still rel-
atively low (Fig. 3b) and positive conductive heat flux sug-
gested that surface temperature is below zero (Fig. 6c),
leading to a limited difference in saturated specific humidity
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FIG. 8. Mean anomaly of wind speed (black arrows and colored contours) and sea level pressure (red contours) during the climate
modes in this region from ERAS5 mean monthly between 1996 and 2020 for (a) +SAM, (b) —SAM, (c) El Nifo and (d) La Nifa. Similar
plots are shown for seasonal anomalies in (e)—(h) SON, (i)-(1) DJF, and (m)—(p) MAM. Red circles indicate the location of the glacier.

at the ice—atmosphere boundary [Eq. (5)]. As the relative hu-
midity starts to decrease in August, it causes sublimation or
evaporation, suggested by negative latent heat flux (Fig. 5).
Precipitation has a large uncertainty, particularly when it is
measured in strong Patagonian westerlies. The numerical cli-
mate model also has large uncertainty in precipitation because
of the coarse spatial resolution and smoothed topography. It
can also change substantially the albedo. Thus, we performed
a sensitivity test by changing the precipitation from zero
(no precipitation at all) to uncalibrated ERAS precipita-
tion (2.7 times the input precipitation), to investigate the in-
fluence of precipitation on SMB. The mean annual SMB
decreased by 0.3 m w.e. yr ! (—1.2%) with no precipitation
and increased by 0.1 m w.e. yr ™! (0.6%) in the case of unca-
librated ERAS precipitation from the original mean annual
SMB. Net shortwave radiation showed the largest difference

in the sensitivity test among the energy flux components,
suggesting the influence on albedo. When there is no precip-
itation, the albedo remains at 0.3 all the year, while when
precipitation occurs as snowfall in winter, it increases the
surface albedo and thus decreases the SMB. However, as
the temperature is generally above 0°C throughout the year
in the lower part of the ablation area (Fig. 3b), the snowfall
has a limited effect on SMB. Therefore, the influence of pre-
cipitation is limited.

In a temperate glacier, the conductive heat flux can be neg-
ligibly small because ice temperature is at the melting point
and thus there is no heat conduction (e.g., Cuffey and Paterson
2010). The calculated annual mean conductive heat contrib-
uted only 0.5% to the annual melting heat (Fig. 6a). While the
calculated conductive heat flux was 0 W m ™2 between October
and April (Fig. 6¢), it increased to be as large as 3.8 W m ™2
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FIG. Al. Scatterplot of (a) daily air temperature and (b) relative
humidity between on-ice and on-rock weather stations during
July—August 2020. Red lines indicate a linear regression model of
the dataset. The black-dashed line indicates a 1:1 correspondence.

from May to September. This is due to heat conduction from
the inside of the glacier to its surface when the latter is cooled by
low atmospheric temperature. In June, the largest contribution
of the conductive heat to the melting heat (2.5%) is calculated.
The cooled surface temperature has an impact on the indi-
vidual energy balance components [Egs. (3)-(5)] and the heat
balance as part of the energy is consumed by increasing sur-
face temperature up to the melting point to start ice melting
[Eq. (2)].

The contribution of an individual component of SMB and
energy flux can change over the glacier as pointed out by
the recent study (Bravo et al. 2021b) while our SMB esti-
mates are spatially limited. Further analysis based on more
AWSs and stake records (Fig. 1c) in a follow-up study to es-
timate glacier-wide SMB and energy balance is needed to
better understand the mechanisms controlling the SMB of
Patagonian glaciers, although the estimation and validation
of spatially distributed meteorological variables is a chal-
lenging issue.

d. Relation between large-scale climate anomaly, local
meteorological conditions, and surface mass balance

We examined how the global and hemispherical circulation
patterns influence the regional meteorological conditions and
SMB based on our long-term meteorological and SMB data-
set. To do so, we compared the time series of 3-month mean
temperature, wind speed, and SMB with SAM and ENSO in-
dices (Fig. 7; Table 3). Upon comparison, seasonal variability
was removed from the meteorological and SMB records by
subtracting the mean monthly value between 1996 and 2020.
The SMB records which removed possible instrumental un-
certainties were also compared with SAM and ENSO. It
slightly increased the correlation, but no substantial difference
was obtained. We also utilized the monthly ERAS wind speed
and mean sea level pressure to understand large-scale at-
mospheric conditions during positive SAM and La Nifia or
negative SAM and El Nino (Fig. 8). A seasonal mean
anomaly of wind speed and mean sea level pressure was
calculated from mean monthly variables between 1996 and
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cipitation utilized on all observational datasets since 2016. Red
lines indicate a linear regression model of the dataset. The black
dashed line indicates a 1:1 correspondence.

2020 during individual positive SAM and La Nifa events
or negative SAM and El Nifio events.

Our results agree in general with previous studies regarding
the relationship between SAM and local meteorological
conditions—that positive SAM causes warm-air advection due
to the strengthening of westerlies (Gillett et al. 2006; Garreaud
2009; Swart and Fyfe 2012). Weak positive and negative cor-
relations were found between temperature anomalies and
SAM (r = 0.30; p < 0.01) and between SMB anomalies and
SAM (r = —0.34; p < 0.01) on a monthly anomaly basis,
respectively (Table 3). The synoptic circulation patterns
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FIG. A3. Density plots of daily mean meteorological parameters
observed at EMMO and derived from ERAS reanalysis dataset
between 1996 and 2020. Red lines indicate a linear regression
model of the dataset. The black dashed line indicates a 1:1
correspondence.
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TABLE A2. List of AWSs, with station names, observation periods, and coordinates. For locations, see Fig. 1c.

Station Period Lat (°S) Lon (°W) Elev (m MSL)
EMMO 15 Nov 1995-present 50.489 73.049 192
EMMO2 28 Feb 2016-present 50.489 73.049 192
S1 16 Jun-18 Aug 2020 50.489 73.055 230
S2 24 Dec 2012-8 Jan 2013; 7 Dec 2013-2 Jan 2014; 5-20 Oct 2014 50.490 73.096 357
S3 25 Dec 2012-6 Jan 2013; 21 Dec 2013-1 Jan 2014 50.499 73.139 485

show the enhancement of westerlies during positive SAM
and reduction during negative SAM (Figs. 8a,b). These
correlations and circulation patterns are stronger for SON
and DJF (Table 3; see Figs. 8e,f for SON and Figs. 8i,j for
DJF).

ENSO showed some magnitude of correlation with temper-
ature, wind speed, and SMB (Fig. 7; Table 3). The monthly
temperature anomaly shows a weak negative correlation with
ENSO (r = —0.23; p < 0.01). The circulation pattern indicates
a clear reduction in westerlies during El Nifio (Fig. 8c). The
correlations are especially strong in MAM (Table 3) when a
significant reduction in westerlies can be observed during El
Nifo (Fig. 80). The correlation coefficient between ENSO
and wind speed is —0.51 (p < 0.01), and between ENSO and
temperature is —0.35 (p < 0.09). Thus, ENSO shows positive
correlation with SMB (r = 0.4; p < 0.05) (Table 3). We inter-
pret the reason for the modulation of the westerlies through
the atmospheric pressure difference in the region as explained
in the early study (Schneider and Gies 2004). During El Nifio,
the anticyclone in the Pacific Ocean and the low pressure in
the Amundsen Sea were weakened (Figs. 8c,g,k,0), while fur-
ther development of the low pressure in the Amundsen Sea
was observed during La Niiia (Figs. 8d,h,lp). These atmo-
spheric conditions resulted in an decrease in air pressure gra-
dient and the westerlies over southern Patagonia during
El Nifio (Figs. 8c,g,k,0), whereas those increase during La
Niria (Figs. 8d,h,1,p).

Overall, our dataset demonstrates that local meteorological
conditions and SMB moderately relate to large-scale climate
anomalies. One of our limitations is that medium-scale climate
influences such as foehns and glacier wind are not considered in
this study. It is reported that those local wind features have an
impact on the SMB in Patagonia (e.g., Bravo et al. 2019;
Temme et al. 2020), which need to be evaluated in future stud-
ies. However, the moderate connection still implies that the
large-scale climate influences local meteorological conditions

and SMB in the region. Positive SAM trends have been ob-
served over the last several decades with stronger trends in the
summer months (Fogt et al. 2009), which would be one of the
reasons why we observed a greater warming trend than other
studies (e.g., Ibarzabal et al. 1996; Rasmussen et al. 2007) espe-
cially in DJF (Fig. 4). Simulation and observation also suggest
that the positive SAM results in southward migration of the
westerlies (Swart and Fyfe 2012; Perren et al. 2020), yielding
warmer and dryer conditions in Patagonia (Garreaud 2018).
These changes are anticipated to continue in this century forced
by the stratospheric ozone depletion and increased greenhouse
gas concentration (Gillett et al. 2006; Arblaster and Meehl
2006). On the other hand, these anthropogenic forcings are ex-
pected to lead to a stronger El Nifio (Cai et al. 2018). Such con-
ditions occurred in 2016 and showed that interaction between
positive SAM and stronger El Nifio results in less wind and dry
conditions over Patagonia (Garreaud 2018). Substantially nega-
tive wind speed anomalies and warm winters but colder sum-
mers were recorded at EMMO in 2016 and 2017 (Fig. 4),
contributing to the positive SMB anomaly (Fig. 7). This raises
a question of whether the anticipated positive trend in
SAM and a stronger El Nifno accompanied by atmospheric
warming but weaker wind conditions result in an increase or de-
crease in the SMB in Patagonian glaciers in the future. Further
observations with a larger number of AWS and mass balance
networks, as well as extending our monitoring in the future, are
crucial to understand the relationship between large- and me-
dium-scale climate, local meteorological conditions, and the
SMB of the rapidly shrinking Patagonian glaciers.

6. Conclusions

One of the longest series of meteorological and ablation
stake data in the Patagonian icefields was recorded at Gla-
ciar Perito Moreno between 1996 and 2020 to investigate
the climate variability and their influence on glacier SMB.
The mean meteorological records indicate that the glacier is

TABLE A3. List of sensor models and nominal accuracy for the individual sensor. Nominal accuracies are indicated in parentheses.
An em dash indicates that no sensor is available.

Variable Units EMMO EMMO2 S1-S3
T °C HMP35AC (0.1-1.0) WXT520 (=0.3) LR9503 (=0.15)
RH % HMP35AC (1) WXT520 (£3) LR9503 (+5)
R! W m 2 Pyranometer (10) — —
U ms! A100R anemometer (0.13) WXT520 (£0.3) —
Uy ° W200P wind vane (*2) WXT520 (£3) —
P, mm — WXT520 (<5%) —
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TABLE A4. Coefficient of determination 7> and standard deviation (SD) of daily variables at EMMO, EMMO?2, and ERAS.
Variables of EMMO were compared with those obtained at EMMO2 between 2016 and 2020 and with those from ERAS between
1996 and 2020 (in parentheses). The decadal trend of daily variables is also indicated. An em dash indicates that no data are

available.
2016-20 1996-2020
Variable Units P SD EMMO EMMO2 EMMO ERAS
T °C 0.999 (0.7) 0.14 (2.1) 0.13 0.24 0.18 0.26
RH % 0.99 (0.2) 1.95 (13.3) -5.4 -6.1 1.7 -0.7
R! W m 2 — (0.8) — (41.2) — — -3.1 0.29
U ms ! 0.97 (0.6) 0.59 (1.9) 1.42 0.57 —0.05 0.02

located in a relatively warm and dry climatic conditions, in-
fluenced by strong westerly winds. We observed a warming
trend (0.2°C decade™!) resulting in the negative trend in
SMB (from —0.4 to —0.9 m w.e. yr ! decade™!). The sensi-
ble heat flux showed the largest contribution (59%) to cal-
culated SMB, modulating also its interannual variation due
to the interannual variations in air temperature and wind
speed. Variations in the latent heat flux and longwave radia-
tion modulated the interannual variation of SMB because of
warmer air, although their influence on the long-term trend
in the SMB was not clear due to the uncertainty in the rela-
tive humidity.

Twenty-five years of meteorological and SMB records were
compared with SAM and ENSO. Temperature, wind speed,
and SMB showed relationships between SAM and ENSO, es-
pecially during SON, DJF, and MAM. Positive SAM and La
Nifia enhance the westerlies, yielding warmer air temperatures
and stronger wind speeds, thus decreasing the SMB. In con-
trast, negative SAM and El Nifo showed opposite influences
on air temperature, wind speed, and SMB by reducing the
westerlies. These relationships between large-scale climate, lo-
cal weather and SMB imply that the recent rapid ice mass loss
in Patagonia may have been initiated by the large-scale climate
variability. Future consideration of the local and mesoscale cli-
mate influences, such as foehn and glacier winds, may be bene-
ficial for deepening our understanding of the relationship.
Further anthropogenic warming is anticipated in the future,
and along with it positive SAM and a stronger ENSO swing.
Continuous in situ meteorological and SMB observations are
invaluable for understanding the response of Patagonian gla-
ciers to a changing climate.
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APPENDIX

Additional Figures and Tables

Figure Al compares daily air temperature and relative
humidity for on-ice and on-rock weather stations. Observed
and modeled liquid precipitation are compared in Fig. A2.
Figure A3 compares daily mean meteorological parameters
observed at EMMO and derived from the ERAS reanalysis
dataset. Table A1 compares meteorological conditions, the
surface mass balance, and the energy flux components in
this work with those from previous studies. Tables A2 and
A3 summarize the list of weather stations, along with their
observation periods and locations, and the parameters used
in this study, respectively. Table A4 shows comparisons of
EMMO variables with those obtained at EMMO2 between
2016 and 2020 and with ERAS between 1996 and 2020.
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