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Abstract

This study considers temperature gradients over recent decades near Trujillo, Peru, (8.15 S,
78.95 W) using high-resolution data assimilation. Statistical analyses describe a steep gradi-
ent from the cool foggy coast to the warm coastal plains below the Andes. A cross-coast
transect is analyzed for seasonal changes in maximum air temperature from SENAMHI
station data interpolated with satellite infrared measurements. Weather forecasts aimed
at the urban area show a cool bias at higher temperatures and often under-represent the
landward increase of 5 °C/10 km, induced by wind-driven upwelling and turbulent heat
flux. Morning fog-stratus tends to delay diurnal heating on the beachfront, whereas, a few
kilometers inland, warming occurs due to the segregating effect of channeled long-shore
winds. Although seasonality is limited near Trujillo, winter exhibits the greatest variance
of maximum temperature due to fluctuations of cloud albedo. Regressions of temperature
time series onto meteorological fields identify that a subtropical trough/ridge pattern leads
to higher winter values due to weaker upwelling, warmer sea temperatures, and reduced
fog-stratus. Long-term trends for increased sea/land gradients have implications for the
adaptation to climate change.

Keywords: Peru; coastal temperature gradient; meteorological controls

1. Introduction

Peru is located at tropical latitudes with steep mountains and cold currents. The
coastal weather is dominated by shallow equatorward winds and oceanic upwelling [1].
Evaporation is suppressed, but condensation is enhanced, leading to fog and stratus. A
downward heat flux causes atmospheric subsidence and thermal stability. The seasonal
cycle is of low amplitude, giving cities such as Trujillo (at 8.15 S) an ‘Eternal Spring’. The
semi-arid coastal plains are intersected by river valleys that conduct runoff from the 4000 m
Andes Mountains located <100 km inland [2]. More than half of the population of Peru live
near the shore, exposed to strong air temperature gradients.

Daily weather forecasts have been evaluated for the coast near Lima (12 S) by compar-
ison of short lead-time outputs from numerical and statistical models, that take account of
meteorological evolution [3]. Human interventions are needed to translate the model data
for a variety of applications. The key weather systems altering temperatures have been
identified. During summer, moisture advection between the Bolivian High and the tropical
troughs (amplified by El Nifio) is the most influential [4-7]. During winter, mid-latitude
westerly waves affect the coastal weather via cold surges that strengthen the marine anticy-
clone’s southeast winds and currents [8-10]. A comprehensive study [3] found that daily
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temperature changes related to low-level winds and cloudiness and that model skill was
poor during winter (June-August).

Here, the role of air-land-sea interactions and surface heat fluxes in local temperature
gradients is quantified. Cool SSTs underlie shallow equatorward winds, producing gray
skies on most winter mornings. During the afternoon, air temperatures often increase
rapidly inland and contribute to forecast ‘errors’. An analysis is made of the annual cycle
of cross-shore air temperature gradients near Trujillo, Peru, whose one million inhabitants
sprawl ~8 km inland. A variety of datasets are employed to illustrate the processes affecting
this gradient. The aim is to characterize the drivers and impacts of coastal air temperature
gradients, to improve operational forecasts and the adaptation to climate change impacts.

2. Data and Methods

The coastal meso-climate of Peru is analyzed on an hourly to monthly timescale us-
ing satellite, reanalysis, and in situ datasets over the period 2001-2024. Peru’s national
weather service SENAMHI collects local observations from a network of weather stations,
radiosonde and aircraft profiles, and frequent ship surveys, supported by global remote
sensing and coupled data assimilation. Ref. [11] describe sophisticated methods to in-
terpolate these data into high-resolution fields for Peru, making use of Modis satellite
observations since 2001. These data are employed in high-resolution cross-shore transects.

Seasonal climatologies were calculated from Modis satellite land surface daytime
temperatures and vegetation color fraction at a 1 km resolution over the study area 8.8-7.4 S,
79.6-78.4 W. The diurnal cycle of sensible heat flux is calculated from hourly CFS2 reanalysis
at the Trujillo grid-point (8.15 S, 79.0 W). Seasonal wind frequency distributions were
constructed from hourly observations at Trujillo airport. Satellite sea surface temperatures
were statistically analyzed both locally and over a wider area, 25 S-8 N, 95-68 W, for the
long-term mean, seasonal averages, and standard deviation. Climate change was addressed
by the calculation of linear trends in the period 19802024 for SST, air temperature, and the
meridional Hadley circulation averaged for coastal longitudes.

A transect was analyzed along 8.15 S, 80-78 W for ERA5 maximum air temperature,
sensible heat flux, and satellite cloud albedo, to identify cross-shore gradients and was
downscaled to achieve a 2 km resolution. ERA5 daily maximum and dewpoint temperature
records were extracted at the Trujillo grid-point (N = 8765) and analyzed for lag auto-
correlation, wavelet spectral amplitude, and mean annual cycle in the period 2001-2024.
Validations were performed by comparing model-assimilated air temperatures from ERAS5,
CPC, GFS, and CFS2 with Trujillo airport observations and calculating the Pearson’s
product-moment linear coefficient over the 8765 days.

The Trujillo daily maximum temperature time series 2001-2024 was high-pass filtered
above 60 days to remove seasonal variability, then regressed onto June-August fields of sea-
level air pressure, 500 hPa geopotential height, sea surface temperature, satellite net OLR,
and surface wind velocity to determine the spatial patterns driving the winter weather, as
in [3]. These regressions provide over 4000 realizations to evaluate field significance.

Seasonal climatologies were calculated along the 8.15 S transect from SENAMHI (PIS-
COt v1.3) maximum air temperature averages and root mean square anomalies (variance)
to identify micro-climatic gradients around Trujillo. Hovmoller plots were made along the
transect to reveal intra-seasonal pulsing of land surface temperature, sea surface tempera-
ture, and potential air temperature. Cases were identified from these analyses, to study
a late winter cool spell (1-2 September 2020) via 500 hPa wind maps, hourly CFS2 wind
and temperature near Trujillo, sea temperatures, and near-surface airflow back-trajectories
from Hysplit.
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On 6 and 12 July 2025, a condition of dense winter fog-stratus was analyzed via
radiosonde profiles, hourly in situ weather observations, satellite visible imagery, and
atmospheric circulation data. The mean annual cycle of offshore and inland cloud albedo
was calculated and compared with the quintile range of the maximum temperatures. A
satellite lidar aerosol height-section in dense fog-stratus was analyzed for 13 July 2008 and
comparative cross-sections of long-shore wind and ocean upwelling were studied. Dataset
acronyms and details are listed in Table 1.

Table 1. Dataset characteristics.

Acronym Name (Variables) Horz. Res. Reference
Coupled Forecast System v2 reanalysis
CFS2 (air temp., sensible heat flux—SHF) 25 km [12]
Climate Prediction Center
cpe (station-interpolated air temperature) 25 km [13]
European Community v5 reanalysis
ERA5 (air and dewpoint temperature, 25 km [14]
SHF, wind)
GFS Global Forecast.System operational 10 km [15]
nowcast (air temperature)
HYCOM3 Hybrid Coupled Ocean Model v3 10 km [16]
(sea temperature)
Satellite light-ranging radar
LIDAR (fog and aerosol detection) 1km [17]
Land surface temperature, cloud albedo,
MODIS vegetation color (satellite IR, VIS) Lkm [18]
SENAMHI National weather service of Peru 2 km [19]

(weather station obs. and interpolations)

3. Results
3.1. Seasonal Climatology

The 2001-2024 seasonally averaged 1 km resolution Modis satellite land surface day-
time temperatures and vegetation fraction maps are presented in (Figure 1a,b). The tem-
peratures show three zones around the Trujillo area: cool beachfront (19 °C), warm coastal
plains (24 °C), and cold mountains (12 °C). The seasonal changes in temperature are minor,
but higher temperatures across the coastal plains are moderated by vegetated river valleys.
Coastal vegetation remains steady, while interior mountains exhibit seasonality. The mean
diurnal cycle of sensible heat flux at Trujillo (Figure 1c) exhibits an asymmetric crest of
350-400 W/m?. The greatest variance occurs in winter at 12:00~14:00 h due to the variable
depth, penetration, and timing of fog-stratus. Seasonal wind frequency distributions at
Trujillo airport (Figure 1d) show a persistent SSE wind of 3.8 m/s with calm reported <2%.
Few locations in the world have so little change in airflow from summer to winter.

The regional sea surface temperatures (Figure 2a) exhibit a cool wedge that broadens
southward. The maximum standard deviations extend from Trujillo to the Galapagos
Islands, a ‘footprint” of summer El Nifio. The long-term trends (1980-2024) show cooling
over the shelf of Peru, helping mitigate global warming, yet rapid warming over the
interior [19] suggests steeper coastal air temperature gradients. The local SST patterns
(Figure 2b) show minor differences across the seasons. Persistent wind-driven upwelling
(16-20 °C) forms a cool inshore zone and a shallow atmospheric boundary layer (~300 m).
Seen in a meteorological context, the airflow around the southeast Pacific anticyclone is
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channeled by the steep topography to produce a long fetch for condensation and persistent
morning fog-stratus.
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Figure 1. Seasonal (left to right: summer, autumn, winter, spring) mean maps of the following:
(a) Satellite daytime land surface temperature. (b) Satellite vegetation color fraction with topographic
contours, dashed transect, triangle station at right. (c) Seasonal box-and-whisker plots of the mean
diurnal cycle of CFS2 sensible heat flux at Trujillo, 8.15 S, 78.95 W. (d) Mean wind roses at TRU airport
(left to right) by season; outer ring is 35%, based on hourly observations over the period 2001-2024.

The ERAS air temperature data 2001-2024 on the transect at 8.15 S (Figure 2c) reveal a
cool-sea/warm-land gradient: 19-24 °C. Oddly, the variance is higher over sea than land
due to infrequent summer El Nifio events. The mean sensible heat flux (~80 W/m?) and
variance peak on the coastal plains (78.75 W). The increase from sea to desert generates steep
gradients in air temperature, modulated by fog-stratus overlying wind-driven upwelling.
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Figure 2. (a) Regional SST (left to right) average, standard deviation, linear trend since 1980, topo-
graphic contours (left), triangle—Trujillo. (b) Local SST by season, averaged 2001-2024. (c) ERA5 air
temperature and sensible heat flux (right) average and root mean square anomaly (variance) on the
transect 8.15 S, with coast at 79 W, interpolated at 2 km resolution.

3.2. Time=Space Statistics

The daily ERA5 maximum and dewpoint temperature statistics are presented in
Figure 3a—d. Seasonal cycling at Trujillo is evident, with maxima in the range 19-26 °C and
dewpoints in the range 10-20 °C. The lag auto-correlation reveals great persistence and
the wavelet spectra indicate pulsing from equatorial Madden Julian Oscillations at periods
of 24-48 days [20-22]. The mean annual cycle of dewpoint temperature reflects ‘marine
delay’, with a cool, dry winter-spring and a warm, humid summer-autumn. The dewpoint
quintile range is greatest in spring, likely due to downslope winds from the Andes.

Scatterplot validations are made with Trujillo airport observations and the nearest grid-
point model products (Figure 3e). Simultaneous correlations are high for ERA5 assimilation
and CPC interpolation (0.92-0.94) and lower for GFS initialization and CFS2 assimilation
(0.83-0.84). Three models show a cool bias at higher temperatures, but relatively good
match-up at cooler temperature. Regressions of the high-pass filtered maximum tempera-
ture time series onto winter fields are presented in Figure 4a—d. Sea-level air pressure and
500 hPa geopotential height maps show that anomalous warm winter weather is associated
with a baroclinic trough/ridge pattern in the subtropical westerlies (3040 S) that weakens
the southeast Pacific anticyclone and associated wind-driven upwelling. The warmer
seawater inhibits low-level clouds; sunny weather prevails and the coastal plains undergo
diurnal heating. The opposing pattern naturally leads to cooler, foggier conditions along
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the coast of Peru, as noted by [3]. Thus, tropical influences are minimal during austral
winter; the main driver of anomalous temperatures is a weakening of the marine high and
coastal upwelling in response to the subtropical trough/ridge pattern.
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Figure 3. (a) Daily record of ERA5 maximum air (upper) and dewpoint temperature at 8.15S, 78.95 W.
(b) Dewpoint lag auto-correlation. (c) High-frequency portion of the wavelet spectral amplitude
(shaded >90% confidence). (d) Mean annual cycle X2 of the dewpoint upper-, median, and lower-
quintiles (green, black, gold). (e) Scatterplot validation of the Trujillo airport observed and model
daily air temperatures (2001-2024) from (left to right): ERA5, CPC, GFS, and CFS2, note x-axis varies,
the dashed line is 1:1 fit, R value and bias are listed, model record is 8765.

3.3. Temperature Gradient

Seasonal maximum air temperature gradients on the 8.15 S transect are presented in
Figure 5a-d. The increase in temperature from beachfront to coastal plains is ~5 °C/10 km,
slightly steeper in summer than winter. The gradient is maintained by persistent upwelling,
channeling of airflow, and tropical heat fluxes. Inter-annual variance across the transect
crests 10-15 km inland and shows the highest values in winter—spring (0.8-1.0 °C)—but
what are the controls and impacts?

Hovmoller analyses of daily land surface, sea surface, and potential (air) temperature
are plotted across the transect in Figure 6a—d. Therein, seasonal cycles and intra-seasonal
pulsing emerge, as equatorial troughs alter the SE Pacific anticyclone and wind-driven
coastal upwelling. The period 2010-2012 exhibited amplified warming compared with 2019-
2021. There is summer relaxation and winter intensification of the cross-shore gradient.
Thus June-August air temperature forecasts would need to distinguish beachfront from
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coastal plains and vegetated river valleys from desert landscapes. Among the temporal
statistics, certain cases are noted for detailed analysis.

3.4. Winter Case Studies

Our first case study is a cold spell at Trujillo during spring 2020 (Figure 7a—f). A
subtropical trough reached northward from Chile followed by a ridge which accelerated
the SSE wind > 10 m/s and coastal upwelling. Air temperatures over the sea declined
to 15 °C from 1 to 4 September 2020; further inland, the hourly temperatures oscillated
from 7 to 20 °C. Subsiding airflow trajectories were channeled over 14 C seawater, thus the
relative humidity increased from 66 to 92%, leading to dense fog-stratus and cool weather
at Trujillo.

Our second case study employs in situ observations to describe an unusual winter
weather scenario (Figure 8a—c). Radiosonde profiles on 6 and 12 July 2025 reveal two
distinct conditions: a deep marine layer with SSE winds (6th) and a shallow marine layer
with light winds (12th). Hourly weather station measurements indicate T = Td on the
morning of 6 July; the radiosonde confirms a depth of 1000 m. Over 5 mm of fog-induced
rain was observed at Trujillo, which may seem trivial, but the long-term July average
is 0.3 mm/month. In contrast, the 12 July radiosonde profile had a moist layer depth
of 500 m. The station time series exhibits a gradually declining dewpoint with solar
radiation peaks > 700 W/m?. Surface measurements reveal steady SSE winds with diurnal
strengthening on sunny days. There is a synergy between cloud depth and sensible heat
flux which alters the advance and retreat of morning fog and air temperature gradients.
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Figure 4. Regression of 2001-2024 high-pass filtered daily maximum temperature time series onto
June-August fields of (a) sea-level air pressure (hPa) with weather icons, (b) 500 hPa geopotential
height (m) with weather icons, (c) sea surface temperature (C) and wind (largest vector 2 m/s), and
(d) net OLR (W /m?); patterns underlying anomalous warm winter weather at Trujillo, N = 2191,
neutral values are unshaded.
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Figure 5. Seasonal maximum air temperature on the transect 8.15 S: (a) summer, (b) autumn,
(c) winter, (d) spring; (left) average, (right) root mean square anomaly (variance); based on SENAMHI
interpolation 2001-2024, each bar is 2 km width.

These features are analyzed via a third case study using satellite remote sensing in
Figure 9a. Visible imagery on a typical winter morning (07:00) reveals shallow clouds
advancing ~10 km inland to the Andes, then retreating to the coast by 10:00 h. The
seasonality of fog-stratus penetration is analyzed in the context of maximum temperature
in Figure 9b. At the marine location (79.25 W) the median satellite cloud albedo remains
high all year (62-83%), whereas inland (78.75 W) winter is sunny (17%). This affects the
inter-annual range of maximum temperature at the coast (79.0 W), which is greatest in
winter (3 °C) and thus prone to forecast errors caused by the variable penetration of marine
fog-stratus. Analyzing the average and standard deviation of cloud albedo along the
transect (Figure 9¢), there is a steep gradient, especially during winter (80% sea, 35% land)
and the greatest variance is near the beachfront.
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The fourth case study utilizes a satellite lidar aerosol height-section during winter
(Figure 10a). There is a fog-stratus deck of a uniform ~1 km height extending seaward,
confined by subsidence from above and cooling from below. Easterlies of 7 m/s flow
across the Andes Mountains at 3-5 km elevation, above a dense aerosol layer (500 pg/ m?).
Analyzing a cross-section during this time (13 July 2008, Figure 10b,c), a shallow 7 m/s
southerly jet occurs within 100 km of the coast [23]. Offshore Ekman transport in the upper
ocean drives upwelling over the shelf west of Trujillo. An undercurrent diverts the uplifted
seawater and helps maintain strong sea temperature gradients.
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Figure 7. Cold spell case: (a,b) 500 hPa winds on 1 and 2 September 2020. Hourly CFS2-assimilated
values: (c) Marine wind vectors near Trujillo. (d) Air temperature at sea (blue), coast (brown), and
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https://doi.org/10.3390/coasts6020014


https://doi.org/10.3390/coasts6020014

Coasts 2026, 6, 14 11 of 15

84516 Trujilo Direct Spd 84516 Trujilo Direct Spd
Y N1 ‘\ 1 . . )i \ )\\ \ )
‘ \\ \\\ \\[ I\ \\ \ \ | 180 40 : (g} | \\lL 1) k \ \ w 20 15
\ \ 4 ' \ \ | )
750 |\ || )( \ \ L \ I‘ 174) 40 750 | \ \ “ \ \‘. \ \ \ | 10 151
: \UN 155 4.0 A 316 1.0
\ 151 40 \ [\ 292 10!
800 800 '
L\ 149 4.0 \ |\ 276 0.5
3 | \ I
850 . 135 45 850 Nessr\ | 245 05
k 155 50! 0 \ 263 0.5
s00 ! 9 305 g \i . 297 10
\L 8 25 s | 336 10!
R “nve
950 1 35 10! 950 1\'\ \ 340 1.0
IR 185 2.0 - R\ 170 1.0
1000 :ﬂl 180 g5 1000 \] \ ‘; WY N 180 1.0
1050 \‘\‘ | | 1050 \‘1 \\ H‘ E\\ \. \ \. \\ I\.\ \\ \‘ a
-20 -10 0 10 20 30 -20 -10 0 10 20 30
12Z 06 Jul 2025 Temperature (C) 12Z 12 Jul 2025 Temperature (C)
25
: Trujillo :
(&) 1 1
g 1 [
£ 20
(7]
L
e
o g
€15 ]
g o
= =2
a 400
-
=
200 ‘-§
")
_ = = = = = - - — — — 1o p
4Jul  5Jul 6Jul 7Jul 8Jul  9Jul 10Jul 12Jul 12Jul 13 Jul 14 Jul 2025
8 Trujillo
7 N
— 6 . 270
E ’ I \ 225 :
= O f y o
(ugo '\.. ' l'.."h | ’l '.\p 1 "Nl" '“u & ‘a'“ o || . (L AN : ”H 180 %
. (i A. |k Ty
g 4 .I.' . l|.l~|. e ‘*m '.n..l " ' '7 i ,.b.l. n '.. \r / u."‘ | i..".\’. *"!.. |I "#‘l b.'T‘.\L‘U %
e 3 I ¢ ]‘ Ny . e I H I” 135 5
=3 ‘ ‘ 1’ oY
g 2 ’ | 1| My 090 &
= |
045
C
0

4Jul  SJul 6Jul 7Jul 8Jul  9Jul 10Jul 121Jul 12 Jul 13 Jul 14 Jul 2025

Figure 8. (a) Radiosonde profiles at Trujillo in deep (left) and shallow morning fog, temperature (red),
dewpoint (green), direction, and speed (m/s) listed at right. Automatic weather station observations:
(b) air and dewpoint temperature (red, green) and solar radiation (gold) with radiosonde dates
dashed, (c) wind speed and gust and wind direction (blue dots); fog-rain (5 mm) occurred on
6 July 2025.
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Figure 9. (a) Visible GOES satellite imagery with fog advancing and retreating during (July 2025) on
an early winter morning, station—triangle. Mean annual cycle %2 of (b) inland (gold) and offshore
(blue) cloud albedo (at grid-points upper right) and (c) coastal maximum temperatures of the high
(red) and low (green) quintile; arrows refer to greatest range. (d) Cloud albedo on the transect 8.15 S,
left to right: all-year average, June-August average, and June-August standard deviation; blue/tan
shading distinguishes sea/land.
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Figure 10. (a) Satellite lidar backscatter (0.532 pm) during an early winter morning (13 July 2008);
aerosol density (ug/ m?) with zonal circulation vectors (largest 7 m/s) and labels. Cross-section of
the transect west of Trujillo on 13 July 2008: (b) lower atmosphere meridional wind, (c) upper ocean
temperature, zonal circulation (vectors) with vertical motion exaggerated 30-fold, and southward
undercurrent (<—0.15 m/s dashed).
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4. Concluding Discussion

This study has evaluated coastal temperature gradients over recent decades near
Trujillo, Peru, (8.15 S, 79 W) using high-resolution data assimilation. A cross-shore transect
was analyzed for seasonality of maximum temperature using SENAMHI interpolated
measurements compared with downscaled ERAS reanalysis. Statistical outcomes found
a 5 °C/10 km increase from the cool beachfront to the warm plains below the Andes.
Controlling factors include the following processes: wind-driven upwelling — low cloud
cover — net solar radiation — sensible heat flux — inland warming. Heat flux data (cf.
Figure 2c) was used in a boundary layer 300 m deep over 6 h/day, from the thermodynamic
equation AT = SHF dt/M Cp =80 W/m? (2.16 x 10* 5)/360 kg (10% ] /kg °C) = 4.8 °C. Sharp
gradients in fog-stratus and net solar radiation caused by SSE-channeled wind maintain a
steep gradient of maximum temperature.

Short-range weather forecasts for Trujillo had a cool bias and under-represent the steep
temperature gradient induced by coastal upwelling in tropical latitudes. Fluctuations in the
diurnal cycle of turbulent heating (cf. Figure 1c) depend on the depth, inland penetration,
and duration of morning fog-stratus. Although seasonality is limited by persistent SSE
winds, the greatest range of cloud albedo and maximum temperature occurs during winter
(cf. Figures 5¢ and 9b), when forecast errors are most likely. Regressions of temperature
time series onto meteorological fields identify that a subtropical trough/ridge pattern in
3040 S latitudes contributes to higher winter values associated with weaker upwelling
and sunny weather at Trujillo, Peru, (8 S).

Long-term trends 1980-2024 show intensified upwelling and cooler sea tempera-
tures [24], in contrast with the warmer coastal plains and interior (Figure 11a). These
changes involve an acceleration of long-shore winds by the southern Hadley Cell
(Figure 11b). Assuming persistence, the growing contrast between the cool beachfront
and warm uplands offers the benefit that populations can shift to optimize human comfort
and adapt to climate change.
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Figure 11. Climatic trend analysis 1980-2024: (a) ERAS air temperature (C/yr) and (b) meridional
(Hadley) circulation averaged 82-76 W, with topographic profile (m s~1/yr).
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