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Abstract 11 
The glaciers of the tropical Andes have been observed to be losing mass for much of the last 12 

century. These changes are both driven by, and an indicator of global climate change. These 13 

glaciers are important as they represent a crucial water source for downstream communities, 14 

supplying agriculture, urban usage, industry, mining and hydropower. This study aims to 15 

quantify glacial mass loss for the Cordillera Blanca and Cordillera Huaytapallana for the period 16 

1972-2018, as well as identify potential meteorological drivers of these changes in order to 17 

extend the mass balance record back in time and understand the long-term regional causes of 18 

glacial recession. In order to do this Landsat imagery is used to identify glaciers, alongside 19 

repeat DEMs derived from satellite altimetry and historic maps. DEMS are used to measure 20 

glacier surface elevation changes and calculate mass balance. Comparisons with time-series of 21 

meteorological data are conducted to identify potential forcing factors of glacial mass balance. 22 

The results of this study show that the glaciers of CB (-0.45 ± 0.08 m yr-1 w.e) and CH (-23 

0.48±0.12 m yr-1 w.e) have undergone substantial mass loss over the last 50 years. Variations in 24 

mass balance are observed based on glacier aspect and elevation, as well as over the different 25 

time periods studied. Meteorological analysis identifies precipitation phase and humidity to be 26 

the main forcing factors of Cordillera Blanca mass balance, with air temperature and 27 

precipitation phase important for the Cordillera Huaytapallana. 28 

1. Introduction 29 
 30 

With a combined ice-covered area of 2,560 km2, the Andes contain more than 99% of the world’s 31 
tropical glaciers (Dyurgerov and Meier, 2005; WGI, 1989). These glaciers are sensitive indicators 32 
of both regional and global climate change (Francou et al., 2005; Hastenrath, 1994; Kaser and 33 
Georges, 1999; Lemke et al., 2007) and provide an important water source for downstream 34 
communities, buffering dry season discharge variability (Vergara et al., 2007; Vuille et al., 2008b, 35 
2018). Tropical glaciers have lost mass over the last several decades (Francou and Vincent, 2017; 36 
Rabatel et al., 2013; Vuille et al., 2008a), and despite some glaciers experiencing brief periods of 37 
mass gain, the average trend in mass balance from field measurements has been negative for 38 
much of the last 50 years (Rabatel et al., 2013). Rabatel et al., (2013) show that the overall rate of 39 
mass loss has decreased in recent years, with a mass balance of -0.2 m yr-1 water equivalent (w.e) 40 
from 1964-1975 decreasing to -0.76 m yr-1 w.e from 1976-2010. Recent Peruvian measurements 41 
indicate a mass balance of between -0.01 ± 0.14 and -0.34±0.08 m yr-1 w.e for the period 2000-42 
2013 (Braun et al., 2019). Other studies have found a more negative mass balance, with 43 
Dussaillant et al., (2019) measuring an overall Andean mass balance of −0.72 ± 0.22 m yr-1 w.e 44 
from 2000-2018. Losses are most pronounced at smaller and lower altitude glaciers (Rabatel et 45 
al., 2013; Veettil et al., 2017), and as a result, it has been suggested that low altitude Andean 46 
glaciers may be entirely lost by 2050-2090 (Vuille et al., 2008a). Other predictions indicate that 47 
by 2100 the tropical Andes may be ice free below ~6000 m a.s.l (Drenkhan et al., 2018; 48 
Schauwecker et al., 2017). 49 

Glacial recession in the tropical Andes has previously been linked to large-scale climatic changes 50 
(Bury et al., 2011; Mark et al., 2010; Lynch, 2012). Vuille et al., (2008a) report an overall tropical 51 



Andean warming of 0.10°C per decade over the 70 years prior. Vuille and Bradley (2000) identify 52 
a warming of 0.11°C per decade from 1939-1998, with the 1973-1998 warming being 0.32-0.34°C 53 
per decade. Studies of both the Cordillera Blanca and Huaytapallana identify similar local trends 54 
in temperature (Schauwecker et al., (2014) Mark and Seltzer, (2005) (Veettil et al., 2018)). 55 
Overall, a significant warming trend is found across the 20th century. Temperature is important 56 
with respect to glaciers both by directly  driving ablation and as a control on precipitation phase, 57 
which in turn affects surface albedo and net surface shortwave radiation at the glacier surface 58 
(Schauwecker et al., 2014). 59 

Humidity is another significant climatic factor for tropical glaciers as it controls the balance 60 
between ice sublimation and melting. The greater energy requirements of sublimation mean that 61 
an increase in sublimation results in a decrease in mass loss. (Mark and Seltzer, 2005; Vuille et 62 
al., 2003; Wagnon et al., 1999a, 1999b). Humidity is also related to cloud cover and precipitation 63 
which are significant for mass balance (Vuille et al., 2003). Humidity has increased in the 64 
Cordilleras Blanca and Huaytapallana over the 20th and 21st centuries (Vuille et al., 2003; Veettil 65 
et al., 2018). Changes in precipitation are significant for tropical mass balance as they represent 66 
the largest driver of inter-annual mass balance variability (Vuille et al., 2008b) however the 67 
historical record is poorly documented in Peru (Rabatel et al., 2013). A weak precipitation 68 
increase for Northern Peru is identified for 1950-1994 with a small increase observed at high 69 
altitudes (Vuille et al., 2003). Mark and Seltzer, (2005) used 1953-1998 data and found no 70 
significant changes in high altitude precipitation in the Peruvian Andes. Schauwecker et al., 71 
(2014) identified a 60 mm per decade increase in Cordillera Blanca precipitation from 1983-72 
2012. A large increase occurs until 1993, after which precipitation levels remain consistent but 73 
above pre-1993 levels (Schauwecker et al., 2014).  74 

To date, multidecadal field-based observations of glacier mass balance in the Peruvian Andes are 75 
limited in number, spatial extent and representivity. Similarly, comprehensive cordillera-wide 76 
assessments of glacier volume loss and geodetic mass balance are limited to recent decades (>20 77 
yr), precluding their use in assessment of regional-scale glacier-climate interactions. This paper 78 
uses digitised legacy cartographic products in combination with modern remote sensing 79 
observations of glacier surface elevation to investigate spatially resolved multidecadal (>50 80 
years) glacier mass balance and climate linkages for two major Andean glaciated regions, the 81 
Cordilleras Blanca and Huaytapallana, Peru. It is important to study Andean glacier-climate 82 
interactions to understand forcing factors and to predict how future climate change may affect 83 
glacier volumes and water resources for downstream users in years to come.  84 

 85 

2. Study Site 86 
 87 

The Cordillera Blanca (Fig 1a) contains around one quarter of all tropical glaciers (Kaser et al., 88 
2003), covering a total glaciated area of 449 ± 56 km2 (Silverio and Jaquet, 2017). These glaciers 89 
drain into the Rio Santa catchment through ten tributary rivers with catchment areas from 41 to 90 
384 km2 (Burns and Nolin, 2014). The Cordillera Huaytapallana (Fig 1b) is a smaller glaciated 91 
region with glaciers covering an area of 12.65 km2 (Veettil et al., 2018). These glaciers provide 92 
crucial water supply to the Rio Shullcas and for consumption and agriculture for the city of 93 
Huancayo and the surrounding region (Mark et al., 2017). The glaciers of both regions are steep 94 
and heavily crevassed (Veettil et al., 2018). Located in the outer tropics, both cordilleras have a 95 
dry season centred on the austral summer (JJA) and a wet season covering the rest of the year 96 
(Schauwecker et al., 2014).  97 

Monitoring of these glaciers is essential as they provide a crucial source of water for local 98 
communities (Crumley, 2015; Kaser et al., 2003). This is particularly pertinent for rural 99 
communities which rely on glacial meltwater for various economic activities and subsistence 100 



agriculture (Mark et al., 2017). In general, tropical glaciers act as a store of water and supplement 101 
river discharge during the dry season (Kaser et al., 2003; Milner et al., 2017). Glacial recession 102 
can cause an initial increase in discharge, followed by a sharp decline, a concept known as peak 103 
water (Baraer et al., 2012; Carey et al., 2014; Chevallier et al., 2011). The Cordillera Blanca 104 
represents a significant water source for the Rio Santa, and as such disruption to this hydrological 105 
regime could be extremely damaging to ecology, human livelihoods, industry and agriculture 106 
within the basin. The importance of glacial meltwater varies by sub-catchment, with discharge 107 
being more heavily reliant on glacial inputs in catchments with a higher percentage glacier cover 108 
(Kaser et al., 2003). Any decreases in the glacial component of discharge will also put increased 109 
pressure on other water sources. Decreasing glacial area is projected to result in groundwater 110 
forming a larger percentage of dry season discharge (Glas et al., 2018; Vuille et al., 2008a, 2008b,) 111 
which is likely to place greater strain on groundwater reserves. The increased reliance of 112 
discharge on precipitation and groundwater will increase the seasonality of discharge regimes  113 
and has the potential to increase the risk of drought impacts on a multi-year scale (Baraer et al., 114 
2009; Mackay et al., 2020). The impact of declining water availability is already affecting Andean 115 
communities (Bury et al., 2011; Crumley, 2015; Mark et al., 2010), with water supply essential for 116 
agriculture, urban usage, industry, mining and hydropower (Condom et al., 2012). Declining 117 
water availability is not solely driven by reductions in supply, increases in water demand from 118 
growing urban centres also impact available water supplies (Bury et al., 2011). Reductions in 119 
water availability are  not spatially or temporally uniform (Mark et al., 2017), and as a result the 120 
allocation of water rights presents a complex regional political issue (Rasmussen, 2017), with 121 
allocation often focussing on the needs of downstream users rather than upstream communities 122 
(Lynch, 2012). 123 

Hydropower forms around 80% of Peru’s electricity generation capacity, however this is 124 
projected to be significantly impacted by glacial recession (Vergara et al., 2007). The Cordillera 125 
Blanca contains the Canon del Pato facility; the third largest hydroelectric plant in Peru which 126 
supplies ~10% of national hydropower generation capacity (Mark et al., 2010). Reductions in 127 
discharge as a result of glacial recession could therefore present a significant energy issue in the 128 
region. This power generation is also significant source of energy for mining operations which 129 
form a large part of the regional economy. Estimates from 2009 found that 41% of the Rio Santa 130 
catchment is covered by mining concessions with this in turn forming 40% of all economic 131 
production from the region (Bebbington and Bury, 2009). Mining itself is also a substantial water 132 
user (Mark et al., 2017) and as such a reduction in water availability due to glacial recession could 133 
be place a significant additional economic burden on the region. 134 

Much of the Cordillera Blanca falls within the boundaries of the Huascarán National Park, a 135 
UNESCO world heritage site (Lipton, 2014), and therefore an important conservation region. The 136 
high mountains of the Peruvian Andes are also known to comprise a highly biodiverse ecosystem 137 
(Mark et al., 2017). Such ecosystems rely on the glaciers and the waters they provide and 138 
therefore glacier loss presents a significant threat. This is particularly true of the wetlands found 139 
in the valleys of the Cordillera Blanca with these projected to substantially decrease in size as 140 
glacier area decreases (Polk et al., 2017). A loss of wetlands would be significant for the food and 141 
water security of rural communities as they buffer dry season river flows (Baraer et al., 2009) 142 
and provide a source of high quality livestock feed (Mark et al., 2017).  143 

Extending the record of glacial mass balance back in time is important in order to understand 144 

the long-term regional causes of glacial recession. An understanding of historical mass balance 145 

and the associated causes is also important for future projections of glacier and hydrological 146 

change. This study uses historical mapping and satellite imagery in order to quantify historic 147 

changes in glacial mass balance for the Cordillera Blanca and Cordillera Huaytapallana. The 148 

meteorological forcing factors of these changes in mass balance are also investigated. 149 



3. Methodology 150 

 151 

3.1 Data Acquisition and Processing 152 
 153 

In order to quantify historic mass balance, repeat elevation and glacial area measurements are 154 
required. In this study we used elevation data reconstructed from historic mapping, as well as 155 
21st century satellite-based measurements to create a consistent, spatially-resolved record of 156 
glacier elevation changes from 1972 to 2015. Historic satellite imagery was also used to quantify 157 
changes in glacier area. Elevation and area changes were then combined to calculate the geodetic 158 
mass balance. The historic record of mass balance was then compared against local 159 
meteorological data in order to investigate the forcing factors behind glacial change. 160 

Landsat Thematic Mapper (TM) and Operational Land Imager (OLI) imagery were used for glacier 161 
mapping due to their relatively high spatial resolution (30 m) and long historic record (1973-162 
present) (Chander et al., 2009). Details of the scenes used in this work are provided in Table 1. 163 
Landsat imagery also has the spectral resolution and band differentiation required to compute a 164 
normalised difference snow index (NDSI) (Burns and Nolin, 2014; Silverio and Jaquet, 2017) 165 
[Glacier areas for 1972 could not be mapped as Landsat MSS imagery available for this time lacks 166 
the bands required to compute an NDSI]. For all other years, images were obtained from the end 167 
of the dry season (August or September) to minimise snow cover and therefore classification 168 
errors. Images were chosen from years as close as possible to the date of digital elevation data, 169 
while minimising cloud cover. These were converted from digital numbers (DN) to top of 170 
atmosphere (TOA) reflectance following the methods outlined by Chander et al., (2009) and USGS, 171 
(2018, 2019), to improve the performance of the index (Burns and Nolin, 2014; Seehaus et al., 172 
2019). This also enhances inter-scene comparability under varying illumination conditions 173 
(Burns and Nolin, 2014), allowing a single threshold value to be used for analysis. 174 

1972 Elevation data were obtained from the Instituto Geográfico Nacional (IGN) 1:100,000 175 
Cartas Nacionales del Perú, available as pre-digitised 50 m contour maps. These were 176 
interpolated to a 30 m resolution DEM using ArcGIS Topo to Raster tools. 1986 elevation data 177 
were obtained from 1:500,000-scale United States Airforce (USAF) Tactical Pilotage Charts, with 178 
a contour interval of 500 feet (~152 m), the accuracy of these contours is given as ±9 m 179 
(Military Specification [MIL]-T-89101(DMA)). Contours were hand digitised and interpolated to 180 
a 30 m DEM. 2000 elevation data were acquired from the NASA Shuttle Radar Topography 181 
Mission (SRTM) 1 arc-second void-filled data product, as it is accurate in high mountain areas, 182 
with a mean difference from reference data of ±7 m (Frey and Paul, 2012). Unlike ASTER GDEM 183 
data, SRTM data has a precise date (Frey and Paul, 2012). 2018 elevation data were derived 184 
from photogrammetric processing of ASTER stereo image pairs, and provided in the form of 185 
2000-2018 elevation changes, differenced from SRTM data (Dussaillant et al., 2019). As such, 186 
2018 surface elevations were reconstructed by multiplying the yearly changes by 18 and adding 187 
these to the SRTM elevations.  188 

Meteorological data were obtained from SENAMHI (National Service of Meteorology and 189 
Hydrology of Peru) for the Recuay and Huayao stations in the Cordilleras Blanca and 190 
Huaytapallana respectively (see Figure 1). These stations were chosen for the meteorological 191 
variables recorded and their records covering the entire study period. Where gaps were present 192 
they were infilled using linear regression between the chosen station and another proximal 193 
meteorological station (Heydari and Khalifeloo, 2015; Ramos‐Calzado et al., 2008). Where gaps 194 
could not be filled with data from an alternative station, infilling was conducted by taking the 195 
average of the variable on the same day two years before and after the missing date. 196 
Meteorological data were available to 2017 and therefore this analysis is limited to the period 197 
1972-2017 only. 198 



Temperature data were provided as daily maximum (Tempmax)(°C) and minimum (Tempmin)(°C) 199 
values. Precipitation data were provided as either twelve or six hourly precipitation totals, with 200 
observation lengths and times. To achieve consistency across the record, the values were 201 
converted to daily totals (Preciptotal) (mm) by summing the values for each given 24-hour period. 202 
Dry (𝑇𝑑) (°C) and wet bulb (𝑇𝑤) (°C) temperatures were recorded at 7am, 1pm and 7pm.  Absolute 203 
humidity at 7am (AH7am) (kgm-3), 1pm (AH1pm) (kgm-3) and 7pm (AH7pm) (kgm-3) was calculated 204 
from the wet and dry bulb temperatures in order to find atmospheric moisture content without 205 
the influence of temperature on humidity. Firstly, wet bulb saturation vapour pressure, 𝐸𝑤(mb) 206 
was calculated as; 207 

𝐸𝑤 = 6.108𝑒
17.27𝑇𝑤

273.3+𝑇𝑤  (1) 208 

Partial water vapour pressure, 𝐸 (mb), was then found; 209 
 210 

𝐸 =  𝐸𝑤 − 0.00066𝑇𝑝𝑃(1 + 0.00115𝑇𝑤) (2) 211 

Where 𝑇𝑝 (°C) is the wet bulb depression; 212 
 213 

𝑇𝑝 = (𝑇𝑑 − 𝑇𝑤) (3) 214 
 215 
and P is barometric pressure (mb). P was assumed constant and based on station altitude ,Z 216 
(Dewpoint, n.d.; Vaisala Oyj, 2013); 217 
 218 

𝑃 = 101.3
293 − (0.065𝑍)

293

5.26

(4) 219 

Absolute humidity (AH) (kg m-3) was calculated using the R package ‘humidity’ (Cai, 2018). Which 220 
uses the following formula, where 𝑅𝑣 is the specific gas constant for water vapour; 221 

AH =
𝐸

𝑅𝑣𝑇𝑑

(5) 222 

3.2 Glacier Area Delineation 223 
 224 

Glacier areas were automatically-delineated from Landsat imagery using NDSI and a threshold of 225 
≥0.42; chosen as this has previously been shown to accurately discriminate glacier ice from the 226 
surrounding terrain in this region (Burns and Nolin, 2014). The NDSI was calculated using TM 227 
and OLI band information as: 228 

TM2 − TM5

TM2 + TM5

(6𝑎) 229 

OR 230 

OLI3 − OLI6

OLI3 + OLI6
. (6b) 231 

Topographic shadowing resulted in some classification errors, which were resolved using 232 
additional Landsat scenes with different solar elevation angles to identify and remove shadowed 233 
areas. Misclassifications also occurred as a result of water bodies. To resolve this, lake areas were 234 
manually delineated and clipped from the NDSI output areas. Obscuring of glacier areas by cloud 235 
was resolved using temporally proximate imagery to manually correct glacier outlines. Glaciers 236 
smaller than 0.01 km2 were removed as these do not meet the definition of glacier used here 237 
(Burns and Nolin, 2014). Debris-covered glaciers were not included as they are considered to 238 
form only a very small proportion of the total ice-covered area in the region (Burns and Nolin, 239 
2014). 240 



As a globally-complete glacier inventory dataset, the Randolph Glacier Inventory (RGI, Pfeffer et 241 
al., 2014; Arendt et al., 2015) covers both the Cordilleras Blanca and Huaytapallana and was used 242 
here to divide total ice areas measured by NDSI into individual glacier basins. This was done by 243 
taking the glaciers identified by the RGI and projecting their outlines outwards so that they cover 244 
the entire area measured in this study. This provides a good approximation for the locations of 245 
glaciers and therefore allows analysis of individual glaciers to be undertaken. 246 

Peruvian glacier area changes have previously been shown to vary based on elevation and aspect 247 
(e.g. Burns and Nolin, 2014; Kaser and Georges, 1997; Silverio and Jaquet, 2017; Veettil et al., 248 
2018). In order to investigate these changes, all mapped glaciers for each Cordillera were divided 249 
based on their aspect and elevation characteristics. Altitudinal classification was conducted by 250 
creating 250 m altitudinal bands using SRTM data, starting from 4000 m a.s.l for the Cordillera 251 
Blanca and 4500 m a.s.l for the Cordillera Huaytapallana, up to the band which contained the 252 
highest glaciated peaks. This does not consider changes in elevation between time periods, but 253 
for ease of identifying altitudinal trends the method was deemed suitable. The aspect of each 254 
SRTM pixel was also found and grouped into the eight primary compass directions. This method 255 
does not consider the average glacier aspect but instead the aspect of individual glacier pixels. 256 
This means DEM artefacts could result in erroneous aspects but this is not considered likely to 257 
have a substantial effect on this analysis. 258 

In order to measure the error in glacial area a plus/minus one pixel buffer around the NDSI 259 
measured area was taken, the average difference of these from the measures area was then taken 260 
as the error for an individual year (Burns and Nolin, 2014) using the following formula: 261 

𝜎𝐴𝑟𝑒𝑎 =
|𝐴 − 𝐴𝑃𝑙𝑢𝑠| + |𝐴 − 𝐴𝑀𝑖𝑛𝑢𝑠|

2
(7) 262 

The various glacial divisions were then also conducted on these plus/minus buffered areas to 263 
estimate the error in each of these scenarios. 264 

3.3 Geodetic Mass Balance Calculation 265 
 266 

Area-averaged mass balance, �̇� (m yr-1 w.e.) was calculated by solving the density-corrected 267 
volume balance using surface elevation changes and glacier areas (e.g. Barrand et al., 2010; 268 
Berthier et al., 2010), and following the notation provided by Arendt et al. (2006). First, surface 269 
elevation changes, ∆ℎ (m) were calculated by differencing the DEMs from the start and end of the 270 
chosen period.  271 

∆ℎ = 𝐷𝐸𝑀𝐸𝑛𝑑 − 𝐷𝐸𝑀𝑆𝑡𝑎𝑟𝑡 (8) 272 

Mean surface elevation change, 𝑑ℎ (m) was then calculated 273 

𝑑ℎ = ∑ ∆ℎ𝑖

𝐴

(9) 274 

Where ∆ℎ𝑖 is the elevation change of an individual pixel and A is the glacier surface in which the 275 
pixels are contained. Total volume change, B, (m3) was then calculated 276 

𝐵 =  𝑑ℎ × 𝑙𝑝
2 (10) 277 

Where 𝑙𝑝 is the side length of a pixel. The area-averaged net geodetic balance rate (mass balance, 278 

�̇�) was then calculated by multiplying B by the ratio of the density of ice to water (p, 850 ± 60 kg 279 
m3; Huss, 2013), dividing  by the number of years between observations (t), and dividing by the 280 
average of the glacier areas at the start and end of the measurement period (Arendt et al., 2006; 281 
Barrand et al., 2010).   282 



To quantify uncertainties in mass balance, elevation change errors must first be measured. DEM 283 
error, 𝜎𝐷𝐸𝑀, was measured as the standard deviation of height changes between each DEM and 284 
the reference SRTM DEM for stable non-ice terrain. Mean surface elevation change error, 𝐸𝑑ℎ, was 285 
calculated as : 286 

𝐸𝑑ℎ =
√𝜎𝐷𝐸𝑀𝑆𝑡𝑎𝑟𝑡

2 + 𝜎𝐷𝐸𝑀𝐸𝑛𝑑
2

√𝑛
(11)

 287 

Where n is the number of glacier pixels (Barrand et al., 2010). Average area error, 𝐸𝐴, was then 288 
found by:  289 

𝐸𝐴 = √𝜎𝐴𝑟𝑒𝑎𝑆𝑡𝑎𝑟𝑡
2 + 𝜎𝐴𝑟𝑒𝑎𝐸𝑛𝑑

2 (12) 290 

The volume to mass conversion error, 𝐸𝜌, was taken as 0.06 (Huss, 2013), except where the 291 

measured mass balance was less than 0.2 m yr-1 w.e. In this case a higher 𝐸𝜌 of 0.30 was used to 292 

account for higher volume-mass conversion uncertainty in small mass balances (Braun et al., 293 
2019; Huss, 2013; Seehaus et al., 2019). Volume change error, 𝐸𝐵, was then calculated using the 294 
following equation: 295 

𝐸𝐵 = 𝐸𝑑ℎ × 𝑛 × 𝑙𝑝
2 (13) 296 

Standard error theory was then used to combine errors in density and volume change (Farías-297 
Barahona et al., 2019; Malz et al., 2018) and calculate geodetic balance rate error, 𝐸�̇� by: 298 

𝐸�̇� =

�̇�√(
𝐸𝐵
𝐵 )

2

+ (
𝐸𝜌

𝜌 )
2

𝑡
(14)

 299 

Where t is the number of years between observations. Using equations 12 and 14 geodetic mass 300 
balance error, 𝐸�̇� , was found by: 301 

𝐸�̇� = �̇�√(
𝐸�̇�

�̇�
)

2

+ (
𝐸𝐴

𝐴
)

2

(15) 302 

 303 

3.4 Meteorological Analysis 304 
 305 

To remove seasonal cycles and daily variation and allow for identification of long-term trends, 306 
yearly meteorological means (totals for precipitation) were calculated. To investigate the impact 307 
of meteorological changes on mass balance multiple linear regression was conducted between 308 
cumulative mass balance, AH7am, AH1pm, AH7pm, Tempmax and Tempmin. Model selection and 309 
averaging was used to identify the most predictive variables (Zuur et al., 2007), and assess which 310 
factors may be forcing glacial changes. Cumulative mass balance was calculated by assuming a 311 
linear change in mass for each of the periods studied. This however means any glacial fluctuations 312 
within these periods cannot be accounted for. 313 

4. Results 314 
 315 

4.1. Ice Surface Elevation Change 316 
 317 



Cordillera Blanca elevation changes from 1972 to 2018 are characterised by high spatial 318 
variability and marked elevation dependence of glacier thinning (lowest elevation regions have 319 
the greatest thinning rates, Fig 2a). The majority of regions with an ice losses <5 m yr-1 are located 320 
at the terminus of lower elevation glaciers. Higher elevation regions, including glaciated 321 
mountain peaks and high plateaus, have positive or less strongly negative elevation changes. A 322 
small number of areas at high elevations have strongly positive elevation changes (1-4 m yr-1). 323 
These rates of change are likely to be less accurate as a result of void filling or spatially-324 
inconsistent uncertainties in 1972 maps.  325 

An aspect-based variation in surface elevation change can also be seen with more negative 326 
elevation changes on north facing slopes and subsequently more positive on south facing slopes, 327 
as expected for southern hemisphere ice masses. There is also a change in the response of mass 328 
balance to elevation across different aspects. In the Cordillera Blanca this results in negative 329 
elevation changes occurring at higher elevations on the north facing slopes, with less 330 
negative/positive elevation changes at equivalent elevations on south-facing slopes. 331 

Elevation changes for the Cordillera Huaytapallana are shown in Figure 2b. Elevation change rate 332 
variation with glacier elevation in the Cordillera Huaytapallana is similar in magnitude and spatial 333 
variability to the Cordillera Blanca (Fig 2a). In general, the lowest elevation areas have the most 334 
negative elevation changes, with the most significant losses being on the snouts of glaciers, as is 335 
seen for the Cordillera Blanca. The Cordillera Huaytapallana also has a very slight aspect-based 336 
trend in elevation changes. It can be seen in Figure 2b that north and east facing areas have 337 
slightly more negative surface elevation change than south and west facing areas. This also results 338 
in a similar combined pattern of elevation and aspect to the Cordillera Blanca, with the transition 339 
between surface elevation loss and surface elevation gain occurring at lower altitudes on south 340 
and west facing slopes. 341 

When considering the elevation change of individual glaciers rather than the ice masses of the 342 
Cordillera Blanca as a whole (Fig 3a) a similar pattern is observed with glaciers with northerly 343 
aspects, and those with located at lower elevations, undergoing larger thinning rates than higher 344 
elevation areas and southerly-tending slopes. Some notable exceptions to this pattern exist, these 345 
include some of the smallest, lowest elevation glaciers which have disappeared entirely over the 346 
period analysed, as such rates of thinning may be misleading where the elevation has not been 347 
changing for a period of time owing to there being no ice present.  348 

Similar to overall elevation change, analysis of the individual glaciers elevation change for the 349 
Cordillera Huaytapallana (Fig 3b) reveals that the lowest elevation glaciers have the most 350 
significant elevation losses. North and east facing glaciers also have a more significant elevation 351 
loss than those facing south and west, with the latter group having some glaciers with an overall 352 
elevation gain. 353 

4.2 Mass Balance 354 
 355 

Cordillera Blanca mass balance was negative for the period 1972-2018 (-0.45 ± 0.08 m yr-1 w.e). 356 
Across each of the individual periods mass balance remains similar (1972-1986; -0.44±0.07, 357 
1986-2000; -0.58±0.11, 2000-2018; -0.33±0.07 m yr-1 w.e), indicating no acceleration in glacier 358 
loss in recent years. Cordillera Huaytapallana mass balance is similarly negative over the overall 359 
study period (-0.48±0.12 m yr-1 w.e). However, unlike the Cordillera Blanca there is a more 360 
significant variation in mass balance over time. Initially Huaytapallana mass balance is strongly 361 
negative, -1.20±0.27 m yr-1 w.e, from 1972-1986. This is followed by a positive period of mass 362 
balance from 1986-2000, 0.28±0.07m yr-1 w.e. from 2000-2018 mass balance returns to a 363 
negative phase (-0.32±0.09 m yr-1 w.e.). 364 

From 1972-2018 Cordillera Blanca individual glaciers mass balances display a typical 365 
relationship with altitude for tropical glaciers (Kaser and Georges, 1999) (Fig 4a). This means the 366 



most negative mass balances occur at the lowest elevations (-3.75±4.07 m yr-1 w.e.), this then 367 
decreases linearly up to 5000-5250 m a.s.l. After this point mass balance remains consistently 368 
around -0.3 m yr-1 w.e. From 1972-1986 a non-linear relationship between mass balance and 369 
altitude is found. For this period a weakly positive mass balance is found at the lowest altitudes 370 
with this switching to an increasing negative mass balance for glaciers at elevations greater than 371 
5000 m a.s.l level. From 1986-2000 this trend reverses. In this period, strongly negative mass 372 
balances are found at the lowest altitudes, with a positive mass balance found above 5500 m a.s.l. 373 
For the 2000-2018 period mass balances are negative at all altitudes with the most negative mass 374 
balances occuring at the lowest altitudes, decreasing up to 5000-5250 m a.s.l band, after which 375 
they remain relatively constant between -0.20 and -0.28 m yr-1 w.e.. 376 

Cordillera Blanca mass balance is also observed to vary depending on glacier aspect. Analysis 377 
from 1972-2018 found mass balance to be negative across all aspects, varying from most negative 378 
on north-westerly slopes (-0.63±0.14 m yr-1 w.e.) to least negative on south-easterly aspects (-379 
0.25±0.06 m yr-1 w.e.). The overall trend then shows that north facing regions have more negative 380 
mass balances than south tending slopes. 1972-1986 mass balances vary similarly to the overall 381 
record, with strongly negative mass balances found on northerly tending aspects. From 1972-382 
1986 a positive mass balance is recorded for south facing regions of the Cordillera Blanca. 1986-383 
2000 shows a complete trend reversal compared to 1972-1986. From 2000 to 2018 mass balance 384 
is consistently negative across all aspects. 385 

Cordillera Huaytapallana mass balance variation with altitude (Fig 4b) from 1972-2018 is similar 386 
to that observed for the Cordillera Blanca, the most negative glacier mass balances are found at 387 
the lowest altitudes (-1.71±2.03 myr-1 w.e. at 4500-4750 m a.s.l) with mass balance gradually 388 
becoming less negative for glaciers at higher altitudes. From 1972-1986 this trend is reversed, 389 
with positive mass balances at the lowest altitudes, above 5000 m a.s.l mass balance becomes 390 
increasingly negative. From 1986 to 2000 negative mass balances are again found at the lowest 391 
altitudes, however in this case mass balances are positive above 5000 m a.s.l. 2000-2018 mass 392 
balance varies with altitude in the same fashion as the 1972-2018 trend, albeit with more 393 
negative mass balance found at the highest altitudes. Cordillera Huaytapallana mass balance 394 
varies very little by aspect, with significant overlap between the error bars across all aspects. 395 
1972-1986 shows a similar trend to 1972-2018, with little variation present. While 1986-2000 396 
shows near balance except on west tending slopes where positive mass balance is observed. 397 
Unlike other periods, 2000-2018 has a more substantial trend in mass balance with aspect. South 398 
tending aspects have a less negative mass balance than all other aspects. 399 

5. Discussion 400 

 401 

5.1 Spatial Variability in Geodetic Mass Balance 402 
 403 

The Cordillera Blanca spatial variability in mass balance closely reflects the pattern of negative 404 
mass balance at low altitudes with the rate of mass loss decreasing with increasing altitude that 405 
is typically observed for tropical glaciers (Burns and Nolin, 2014; Hanshaw and Bookhagen,  406 
2014; Rabatel et al., 2013; Silverio and Jaquet, 2017; Seehaus et al., 2019; Veettil, 2018). 1986-407 
2000 and 2000-2018 results in this study show an altitudinal trend similar to the typically 408 
measured trends while 1972-1986 shows an inverse trend with a negative mass balance at the 409 
highest elevations and a positive or less negative mass balance at lower elevations. Aspect-based 410 
variations of mass balance show the most negative mass balances to be found on northerly 411 
aspects, with mass balance being less negative towards the south. These results support the 412 
findings of Kaser and Georges, (1997), Racoviteanu et al., (2008) and Veettil, (2018). However 413 
they are contrary to the findings of Mark and Seltzer (2005); their results however may not be 414 
comparable as the only south-west facing glacier they study is Queshque Main which experienced 415 
a substantial surface lowering in both this study and theirs. The cause of the reversal of the 416 



aspect-based trend from 1986-2000 relative to the other time periods is not clear. The spatial 417 
coherence between elevation changes from 1972-1986 and 1986-2000 however indicate that this 418 
may be the result of unquantified DEM uncertainties. However, similar patterns of change with 419 
altitude are observed for the Cordillera Huaytapallana, with 1972-1986 being the only period to 420 
reveal a mass balance trend with altitude that significantly deviates from the expected pattern. 421 

The unusual altitudinal pattern of mass balance from 1972-1986 is considered likely to be a result 422 
of uncertainties in the historic mapping, most likely in the 1986 elevation data set, owing to the 423 
fact that the 1972-2018 altitudinal pattern of mass balance is more typical of tropical glaciers. 424 
Despite analysis of non-ice elevations, higher-elevation uncertainties from 1972 and 1986 425 
historic maps may be difficult to fully quantify. Adalgeirsdóttir et al., (1998) documented a greater 426 
error in glacier elevations at higher elevations when analysing Alaskan historic contour maps. 427 
This is due to the difficulty in identifying features in stereoscopic imagery in featureless high 428 
elevation accumulation zones. These errors may be present in the historic maps used in this 429 
study, however in order to confirm this, comparisons would need to be made with raw air photo 430 
images or independent datasets from the time, neither of which are available. It is notable that 431 
while larger mass balance errors are found at lower altitudes, this is a result of the fact majority 432 
of the glacier termini are in the lowest altitude bands and as such the 1-pixel buffer used for area 433 
error calculations estimates a large error in the lowest altitude bands. Conversely high-altitude 434 
areas have lower estimated error in glacial area as much of these bands are almost entirely 435 
covered in ice. These low altitude errors may also be overstated as the 1-pixel buffer method has 436 
been previously shown to over-estimate error (Hoffman et al., 2007). 437 

A significant feature that can be observed from individual Cordillera Blanca glacier mass balances 438 
is the fact that glaciers further south tend to have much less negative or even positive mass 439 
balances. This supports the findings of Kaser et al. (2003) with southern portions of the Cordillera 440 
Blanca having less negative mass balances due to north-south meteorological gradients. The 441 
northern Cordillera Blanca valleys receive greater precipitation than southern ones (Vuille et al., 442 
2008a, 2008b). Kaser et al. (2003) also suggest that variation in mass balance may be due to the 443 
smaller altitudinal range of the southern glaciers.  444 

5.2 Context of Previous Findings 445 
 446 

Kaser et al., (2003, fig.8a) report Cordillera Blanca mass balance from 1972-1986 of -0.5 m yr-1 447 
w.e., a value similar within error bounds to the -0.44±0.07 m yr-1 w.e reported for the same period 448 
in this study. For the area defined by Seehaus et al. (2019) as R1 (containing the Cordillera Blanca 449 
and the Cordillera Huaytapallana) 2000-2016 mass balance is measured as -0.21±0.11 m yr-1 w.e. 450 
The 2000-2018 mass balance in this study, -0.45±0.09 m yr-1 w.e (Cordillera Blanca) 451 
and -0.32±0.10 m yr-1 w.e. (Cordillera Huaytapallana), are similar to the values found by Seehaus 452 
et al., (2019) albeit slightly more negative; this provides a good level of confidence to the results 453 
of this study. Cordillera Blanca surface elevation change rates from 1962-2008 in Huh et al., 454 
(2017) are between -0.207 m yr-1 and -1.393 m yr-1. In comparison the Cordillera Blanca mean 455 
surface elevation changes in this study are -0.56 m yr-1 for 1972-2000 and -0.48 m yr-1 for 1972-456 
2018. These values are at the lower end of those provided by Huh et al. (2017), presumably due 457 
to the inclusion of high altitude glaciers in the study that are not measured by Huh et al. (2017). 458 
No Cordillera Blanca mass balance measurements are available in the literature for 1986-2000, 459 
however Burns and Nolin, (2014) measure an area change of -161 km2 from 1987-2000, 460 
indicating a likely negative mass balance trend. 461 

Besides Seehaus et al. (2019) no studies of Cordillera Huaytapallana mass balance were available 462 
for comparison. López-Moreno et al., (2014) and Veettil et al., (2018) measured area changes 463 
of -11.6 km2 and -12.14 km2 for 1984-2011 and 1985-2015 respectively. Again, these results 464 
support the overall negative Cordillera Huaytapallana mass balances observed in this study.  465 



5.3 Meteorological Drivers 466 
 467 

Temperature trends in both study regions show that minimum temperatures for both Cordilleras 468 
have increased at a rate of 0.098 °C per decade (Cordillera Blanca p=0.9, Cordillera Huaytapallana 469 
p=0.06), meanwhile Cordillera Blanca maximum temperature remains unchanged (Figure 5). 470 
Cordillera Huaytapallana maximum temperatures have increased at a rate of 0.31°C per decade 471 
(p<0.001). Precipitation in the Cordillera Blanca has increased by 93 mm per decade (p=0.001) 472 
along with an increase in the total number of dry days (Figure 5). Together this indicates that the 473 
increase in total precipitation is a result of more intense precipitation events. No significant 474 
changes in precipitation were observed for the Cordillera Huaytapallana. Trends in humidity 475 
were also analysed for both Cordilleras (Fig 6). Statistically significant increases in 7am, 1pm and 476 
7pm humidity were observed for the Cordillera Blanca, with the largest increases occurring after 477 
2003.  7am humidity for the Cordillera Huaytapallana increased at a rate of 0.00011 kgm-3 per 478 
decade (p<0.001) from 1972-2017.. However no significant trend was observed in 1pm or 7pm 479 
humidity, despite this there is some substantial variability in Cordillera Huaytapallana humidity 480 
in the last 50 years, as can be seen in figure 6. 481 

Comparison of meteorological parameters and cumulative mass balance are presented in figures 482 
6-13. Figure 6a shows that a rise in Cordillera Blanca precipitation from 1972-2017 coincides 483 
with a period of negative mass balance. Similarly, the previously described rise in minimum 484 
temperature occurs across the same period. From 1986-2000 the most negative Cordillera Blanca 485 
mass balance was observed, figure 6.b shows that this coincides with a period of higher, but 486 
declining, maximum temperatures. Comparing mass balance to humidity reveals no obvious 487 
relationships. 488 

A differing relationship between mass balance and meteorological parameters is observed above 489 
and below 5250 m a.s.l (Figures 7-8). Above 5250 m a.s.l mass balance and maximum 490 
temperature appear closely related (Fig 7.a), with negative mass balances occuring as maximum 491 
temperatures rise (1972-1986, 2000-2017) and positive mass balances occuring alongside 492 
declining maximum temperature (1986-2000). This indicates that above 5250 m a.s.l glacier mass 493 
loss is primarily influenced by temperature induced melting. Below 5250 m a.s.l the primary 494 
control on mass balance appears to be humidity. The relationship between mass balance and 495 
humidity is seen most clearly for AH7am and AH7pm (Fig 8.d, f). A positive low altitude mass balance 496 
is found from 1972-1986, alongside a period of decreasing humidity. From 1986-2017 humidity 497 
increases with mass balance negative. This indicates that humidity is controlling the balance 498 
between sublimation and melting at the glacier surface. This is due to increases in humidity 499 
resulting in increased melting and therefore greater mass loss as a result of the lower energy 500 
requirement of melting to change the phase of a given volume of ice, relative to sublimation (Mark 501 
and Seltzer, 2005; Vuille et al., 2003; Wagnon et al., 1999a, 1999b). Post-2000 a relationship 502 
between humidity and mass balance similar to that of AH7am and AH7pm is found between AH1pm 503 
and mass balance. Prior to 2000 little change is observed in AH1pm. This indicates that night-time 504 
humidity changes may have been more significant as a driver of glacial change than daytime 505 
humidity changes prior to 2000. Below 5250 m a.s.l the 1972-2017 mass balance trend is 506 
negative, alongside overall rises in both precipitation and minimum temperature. This suggests 507 
that precipitation below this elevation may be falling more frequently as rain rather than snow, 508 
controlling surface albedo and increasing surface melting, resulting in the negative mass balance 509 
observed (Gurgiser et al., 2013). 510 

Aspect based variations in the relationships between Cordillera Blanca mass balance and 511 
meteorology are also observed (Figures 9-10). Northern facing slopes have an inverse 512 
relationship between mass balance and maximum temperature (Figure 9.b) with periods of rising 513 
(1972-1986, 2000-2017) (falling, 1986-2000) temperature coinciding with negative (positive) 514 
mass balance. This relationship is not found on other aspects and may be due to the close 515 
correlation between incident solar radiation and temperature, with higher solar radiation totals 516 



found on northern Cordillera Blanca slopes than southern ones (Mark and Seltzer, 2005). 517 
Southerly aspects are more closely related to humidity, with rises (falls) in humidity coinciding 518 
with negative (positive) mass balance (Figure 10.d-f). Like the mass balance-humidity 519 
relationship below 5250 m a.s.l, southerly mass balance is most closely related to AH7am and 520 
AH7pm. On eastern and western facing aspects mass balance is consistently negative from 1972-521 
2017. This correlates closely with the overall increases in both precipitation and minimum 522 
temperature, suggesting that, like low altitude portions of the Cordillera Blanca, changes in 523 
precipitation phase may be important in controlling mass balance on eastern and western slopes. 524 
Between 1972 and 1986 a strongly negative mass balance was observed on northern aspects 525 
alongside a rise in precipitation (Figure 9.a) with the inverse found on southern facing slopes 526 
(Figure 10.a). This indicates that solar radiation induced changes in precipitation phase may also 527 
be important in controlling mass balance. Further investigation into the changes in solar radiation 528 
incident at the glacier surface over time would be required to confirm this hypothesis. 529 

Analysis of Cordillera Huaytapallana mass balance and meteorological trends (Figure 11), show 530 
that there is a close correlation between mass balance and maximum temperature (Figure 11.b), 531 
with periods of negative mass balance from 1972-1986 and 2000-2017 coinciding with 532 
significant rises in maximum temperature, while the positive mass balance between 1986-2000 533 
occurs during a period of much smaller temperature increases. Additionally an inverse 534 
relationship between precipitation and mass balance is observed, with rising (falling) 535 
precipitation during periods of negative (positive) mass balance.  Rising maximum and minimum 536 
temperatures alongside the precipitation relationship indicate that changes in precipitation 537 
phase and atmospheric warming are the main factors forcing Cordillera Huaytapallana mass 538 
balance. 539 

Like the Cordillera Blanca, the Cordillera Huaytapallana exhibits different relationships between 540 
mass balance and the measured meteorological parameters at different altitudes. Below 5000 m 541 
a.s.l Cordillera Huaytapallana mass balance appears to be closely related maximum temperature 542 
(Figure 12.b), with decreasing mass balance from 1972-2017 occuring alongside a rise in 543 
temperature. This indicates that low altitude mass loss is primarily driven by atmospheric 544 
warming. Additionally, changes in precipitation inducing changes in accumulation may be 545 
important with the most strongly negative mass balance occuring alongside a period of declining 546 
precipitation (1986-2000). Where precipitation increases (1972-1986, 2000-2017) mass balance 547 
is less negative. Above 5000 m a.s.l there appears to be little relationship between mass balance 548 
and the studied meteorological variables (Figure 13). This primarily relates to the fact that above 549 
5000 m a.s.l Cordillera Huaytapallana glaciers have been relatively stable over the last 50 years. 550 
There is relatively little aspect-based variation in the relationship between Cordillera 551 
Huaytapallana mass balance and meteorology, with relationships between mass balance and 552 
maximum temperature/precipitation found on all aspects, as was observed for the Cordillera as 553 
a whole. 554 

Only a single meteorological station was analysed for each Cordillera and therefore altitudinal 555 
and spatial meteorological gradients (Racoviteanu et al., 2008; Vuille and Bradley, 2000) are 556 
therefore not fully considered in this study. Elevation-based temperature gradients have also 557 
been shown to be different for eastern and western Cordillera Blanca slopes (Vuille and Bradley, 558 
2000) adding a further parameter that is not considered in this study. Wind strength and 559 
frequency has also been shown to be a significant factor in controlling the mass balance of tropical 560 
glaciers (Favier et al., 2004) however the meteorological data available for this study did not 561 
allow for changes in wind strength to be analysed. It should also be noted that because only a 562 
small number of mass balance measurements are recorded short term fluctuations in glacier 563 
mass and their relationship with meteorological conditions are not able to be considered in this 564 
study. Despite these limitations the results presented in this study provide an insight into historic 565 
glacial fluctuations and their potential drivers.  566 



6. Conclusions 567 
 568 

This study presents a long-term (1972-2018), spatially-resolved mass balance record for the 569 
Cordilleras Blanca and Huaytapallana using elevation changes from reconstructed historic and 570 
contemporary satellite-based elevation data sources. Previous studies have focussed on shorter 571 
time periods and/or specific glaciers within these regions, but this study expands upon this 572 
previous work, quantifying long term changes in glaciers across the region. The Cordillera Blanca 573 
experienced a mass balance of -0.45 ± 0.08 m yr-1 w.e from 1972-2018 the period studied and the 574 
Cordillera Huaytapallana a mass balance of -0.48±0.12 m yr-1 w.e.. Mass balance was found to be 575 
more negative at low altitudes for both Cordilleras. For the Cordillera Blanca an aspect-based 576 
variation in mass balance was also observed, with more negative mass balances on north facing 577 
slopes than south. Comparison between cumulative geodetic mass balance and annual 578 
meteorological series was conducted to attempt to identify the causes of the observed glacial 579 
changes. This analysis revealed precipitation phase and humidity, controlling albedo and the 580 
balance between sublimation and melting respectively, have been the main factors forcing 581 
Cordillera Blanca mass balance, meanwhile Cordillera Huaytapallana mass balance has been 582 
primarily driven by changes in air temperature and precipitation phase. 583 

The glacial mass losses observed in this study are expected to result in the catchments 584 
downstream of the studied glaciers becoming increasingly precipitation dominated. This could 585 
also result in a decrease in water availability for large-scale economic activities, as well as being 586 
significant for the lives of rural Andean communities. Future research should focus on: Changes 587 
in the mass balance of debris covered glaciers, which have been shown to be losing mass in the 588 
region (Wigmore and Mark, 2017). This was not investigated here due to the difficulty in 589 
automatically identifying debris covered glaciers. This could help further the understanding of 590 
elevation changes at low altitudes; High altitude meteorological changes to further investigate 591 
the forcing factors suggested in this study ; and, Sub-catchment hydrological changes (where data 592 
is available) to assess the impacts for rural water access of glacial decline on water resources at 593 
local scale.  594 

These results show that there has been a significant loss in mass in the glaciers of the Cordilleras 595 
Blanca and Huytapallana over the last 50 years and that these changes have been driven by 596 
changes in the local climate. This is particularly significant given the importance of these glaciers 597 
as a water source for downstream communities. The research presented in this study shows that 598 
long term glacier loss has occurred in these Cordilleras and that given the meteorological forcing 599 
factors future climate change could result in further mass loss. 600 

  601 
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 853 

 Figure 1  854 

Location map of study sites in the Cordillera Blanca (see inset map A, including glacier sub-855 
populations A1-A3) and Cordillera Huaytapallana (inset map B). RGI outlines of glaciers are 856 
shown in blue (Pfeffer et al., 2014), along with major river systems, river catchments, and 857 
SENAHMI meteorological stations. Background elevation colour scale is from NASA Shuttle 858 
Radar Topography Mission (SRTM) 1 arc-second data.  859 
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861 



Figure 2 – Maps of annual glacier ice surface elevation change (m yr-1) from 1972 t0 2018 862 

at the Cordillera Blanca (A) and Cordillera Huaytapallana (B), Peru. Glacier sub-regional 863 
population location maps are shown in Figure 1.  864 
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 870 



Figure 3 – Annual surface elevation change (m/yr) from 1972 to 2018 for individual 871 

glaciers of the Cordillera Blanca (A) and Cordillera Huaytapallana (B). Sub-region locations are 872 
shown on Figure 1. 873 

 874 



Figure 4 – Glacier hypsometry (filled line) and mass balance (points, myr-1 w.e.) from 1972-875 

2018 for the Cordillera Blanca (A) and Cordillera Huaytapallana (B). Ice covered are is 876 
calculated for each of the 250m altitudinal bands in order to calculate the Hypsometry. 877 

 878 



Figure 5 – Annual trends in Cordillera Blanca Temperature (A), Precipitation (C) and 879 

Humidity (E) from the Recuay meteorological station; and annual trends in Cordillera 880 
Huaytapallana Temperature (B), Precipitation (D) and Humidity (F) from the Huayao 881 
meteorological station. 882 

 883 



Figure 6 – Cordillera Blanca Mass Balance (dotted lines, m w.e.) and Meteorological 884 

Variables (solid lines) from 1972-2017. Five Year Rolling Averages of Meteorological Variables 885 
are Presented (red lines) with Linear Trend Lines for Meteorological Variables (blue lines) 886 
Across Each of the Three Analysed Mass Balance Periods (1972-1986, 1986-2000, 2000-2017) 887 

 888 



Figure 7 – Cordillera Blanca (5250-5500 m a.s.l) Mass Balance (dotted lines, m w.e.) and 889 

Meteorological Variables (solid lines) from 1972-2017. Five Year Rolling Averages of 890 

Meteorological Variables are Presented (red lines) with Linear Trend Lines for Meteorological 891 

Variables (blue lines) Across Each of the Three Analysed Mass Balance Periods (1972-1986, 892 

1986-2000, 2000-2017) 893 
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Figure 8 – Cordillera Blanca (5000-5250 m a.s.l) Mass Balance (dotted lines, m w.e.) and 895 

Meteorological Variables (solid lines) from 1972-2017. Five Year Rolling Averages of 896 

Meteorological Variables are Presented (red lines) with Linear Trend Lines for Meteorological 897 

Variables (blue lines) Across Each of the Three Analysed Mass Balance Periods (1972-1986, 898 

1986-2000, 2000-2017) 899 

 900 



Figure 9 – Cordillera Blanca (North) Mass Balance (dotted lines, m w.e.) and Meteorological 901 

Variables (solid lines) from 1972-2017. Five Year Rolling Averages of Meteorological Variables 902 

are Presented (red lines) with Linear Trend Lines for Meteorological Variables (blue lines) 903 

Across Each of the Three Analysed Mass Balance Periods (1972-1986, 1986-2000, 2000-2017) 904 
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Figure 10 – Cordillera Blanca (South) Mass Balance (dotted lines, m w.e.) and 906 

Meteorological Variables (solid lines) from 1972-2017. Five Year Rolling Averages of 907 

Meteorological Variables are Presented (red lines) with Linear Trend Lines for Meteorological 908 

Variables (blue lines) Across Each of the Three Analysed Mass Balance Periods (1972-1986, 909 

1986-2000, 2000-2017) 910 
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Figure 11 – Cordillera Huaytapallana Mass Balance (dotted lines, m w.e.) and 912 

Meteorological Variables (solid lines) from 1972-2017. Five Year Rolling Averages of 913 

Meteorological Variables are Presented (red lines) with Linear Trend Lines for Meteorological 914 

Variables (blue lines) Across Each of the Three Analysed Mass Balance Periods (1972-1986, 915 

1986-2000, 2000-2017) 916 
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Figure 12 – Cordillera Huaytapallana (4750-5000 m a.s.l)_Mass Balance (dotted lines, m 918 

w.e.) and Meteorological Variables (solid lines) from 1972-2017. Five Year Rolling Averages of 919 

Meteorological Variables are Presented (red lines) with Linear Trend Lines for Meteorological 920 

Variables (blue lines) Across Each of the Three Analysed Mass Balance Periods (1972-1986, 921 

1986-2000, 2000-2017) 922 
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Figure 13 – Cordillera Huaytapallana (5000-5250 m a.s.l)_Mass Balance (dotted lines, m 924 

w.e.) and Meteorological Variables (solid lines) from 1972-2017. Five Year Rolling Averages of 925 

Meteorological Variables are Presented (red lines) with Linear Trend Lines for Meteorological 926 

Variables (blue lines) Across Each of the Three Analysed Mass Balance Periods (1972-1986, 927 

1986-2000, 2000-2017) 928 
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Table 1 – Landsat images used for analysis 930 

  931 

Mountain Range DEM Year Date Sensor Path/Row 

Cordillera Blanca 1972/1986 21/08/1988 
Landsat 5 - 

Thematic Mapper  
008/066 

Cordillera Blanca 1972/1986 21/08/1988 
Landsat 5 - 

Thematic Mapper 
008/067 

Cordillera Blanca 2000 02/09/1998 
Landsat 5 - 

Thematic Mapper 
008/066 

Cordillera Blanca 2000 02/09/1998 
Landsat 5 - 

Thematic Mapper 
008/067 

Cordillera Blanca 2018 09/09/2018 
Landsat 8 - 

Operational Land 
Imager 

008/066 

Cordillera Blanca 2018 09/09/2018 
Landsat 8 - 

Operational Land 
Imager 

008/067 

Cordillera 
Huaytapallana 

1972/1986 15/08/1985 
Landsat 5 - 

Thematic Mapper 
006/068 

Cordillera 
Huaytapallana 

2000 06/08/1999 
Landsat 5 - 

Thematic Mapper 
006/068 

Cordillera 
Huaytapallana 

2018 07/08/2017 
Landsat 8 - 

Operational Land 
Imager 

006/068 



Table 2 - Results of multiple linear regression between cumulative mass balance and annual 932 

meteorological series 933 

  934 

Mountain 
Range 

Predictive 
Parameters 

Coefficient 
β 

Coefficient 
p Intercept R2 

p 
(overall) 

Blanca 

1pm AH -3063.0 -0.235 <0.058 

00-0.775 0.417 <0.001 
7am AH -4955.0 -0.400 <0.002 

Precipitation -0.012 -0.509 <0.001 

Max. Temperature -2.861 -0.312 <0.010 

Huaytapallana 
Precipitation -0.009 -0.316 <0.018 

93.619 0.373 <0.001 
Max. Temperature -5.047 -0.687 <0.001 


