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Supplementary Materials

The Intrinsic Biophysical Mechanism

Since satellite-derived observations are only valid for clear-sky conditions, we employ the
Intrinsic Biophysical Mechanism (IBPM) [1] to diagnose the reasons for the change in the
rural surface climate in the region for all-sky conditions. The IBPM theory solves the surface
energy budget to isolate the different drivers of ALST. The surface energy budget is given
by:

K +L—Ki—L1=H+1E+G (1)

Here, K| is the incoming shortwave radiative flux, L is the incoming longwave radiative
flux, K3 is the surface reflected shortwave radiation flux, L is the surface emitted longwave
radiative flux, H is the sensible heat flux, AE is the latent heat flux, and G is the ground flux.
The left-hand side of Eq 1 represent the surface net radiation (R,).

The perturbation in LST can be due to either a change in the energy input to the system (K|
and L)) or a redistribution of the energy through convection (/) and/or evaporation (AE).
The total LST change (ALST) due to a forcing agent is the sum of the changes in the
blending height temperature (ABHT) and the local temperature response (A7):

ALST = AT+ ABHT 2)

Here the blending height is the height at which the vertical profiles of atmospheric variables
are horizontally blended and no longer influenced by surface heterogeneity. For this study,
the blending height is derived from the lowest model level in MERRA-2 (985 hPa) [2]. The
conceptual assumption follows that, ignoring larger-scale feedback, changes in ABHT are
due to atmospheric processes, while changes in AT are controlled by the Earth’s land surface

processes.

The local temperature response due to these surface processes is given by:
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The terms on the right-hand side of Eq. 3 represent these pathways, and from left to right, are
the temperature response due to the shortwave radiative forcing, the longwave radiative
forcing, energy redistribution through evaporation, energy redistribution through convection,
and change in ground heat flux. Here, AK| is the change in incoming shortwave radiation, AL
is the change in absorbed longwave radiation, and AG is the change in ground heat flux.
Since R, is dependent on LST (through the L 1 term), we define an apparent net radiation
(Rp) that is not a function of the land surface temperature by replacing LST with BHT.

R} =K/ (1—a)+ L, — edBHT* 4)

where ¢ is the surface emissivity and ¢ is the Stefan Boltzmann constant (5.67 x 108 W m™
K™). Jois the temperature sensitivity due to longwave feedback, derived by differentiating

the Stefan-Boltzmann law, and given by:

1
40LST3

(5)
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and f'is a factor denoting energy redistribution through non-radiative pathways, calculated

using:

Ao

f=Tg—gm Bn—0G)—1 (6)

The change in f'due to evaporative (Af1) and convection (Af2) can be calculated from:

_ AB
Bfi=~f 75 (7)
A= —f2 (8)

Ta

where £ is the Bowen ratio, the ratio of H and AE, and 7, is the aerodynamic resistance,
formulated by inverting the equation for H as:

pCp(LST—BHT)
Fa=——

)

Here, p is the air density, and C, is the specific heat capacity of air at constant pressure. All the
perturbation terms were calculated from the MERRA-2 reanalysis as the difference between the
5-year baseline and the lockdown period. f'and 1o were calculated for the baseline period, while
B, ra, and Ao are the averages of the two periods. Since f cannot physically have a negative value,

the grids with < 0 are excluded from the analysis.
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Figure S1: Map of study area. The black polygon in sub-figure (a) show the Indo-Gangetic
Basin (IGB). The generated urban clusters are in red, while their corresponding normalized rural
buffers are shown in blue. Sub-figure (b) shows the distribution of three relevant land cover
categories for the IGB from the European Space Agency Climate Change Initiative land cover

dataset for 2018.
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Figure S2: Distribution of urban and rural units of calculations used in the study. Sub-figure (a)
shows the density plot of the urban clusters with areas greater than 1 km? used in the study after
cloud screening of the data. Sub-figure (b) shows the distribution of the buffer widths used to
calculate the rural references following the integration procedure used to minimize area

difference between urban areas and their references.
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Figure S3: Perturbations to land surface temperature (LST) and surface urban heat island
(SUH]I) intensity. Sub-figures (a) and (b) show the mean (weighted by urban cluster area) land
surface temperature (LST) and surface urban heat island (SUHI for urban clusters and their rural
references for the baseline period, as well as their perturbed values during the lockdown period,
for daytime and nighttime, respectively. The values above the bars show the mean values

(percentage change during lockdown period for SUHI) and the error bars represent the 95%

confidence interval of the area-weighted mean.
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Figure S4: Distribution of (a) daytime ASUHI and (b) ANDVIuw-rur among the urban clusters
used in the study.
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Figure S5: Changes in major surface and atmospheric factors. Sub-figures (a), (b), (¢), and (d)
show the mean (weighted by urban cluster area) Aerosol Optical Depth (AOD), normalized
difference vegetation index (NDVI), surface albedo («), and cloud fraction (CF) for urban
clusters and their rural references for the baseline period, as well as their perturbed values during
the lockdown. The values above the bars show the mean values for the baseline period (2015-
2019 baseline for everything other than CF; 2019 baseline for CF) and the percentage change
from that value. The error bars represent the 95% confidence interval of the area-weighted mean.

The values shown here are also summarized in Table S1.
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Figure S6: Sub-figures (a), (b), (c), (d), (), and (f) show the mean (weighted by urban
cluster area) Nitrogen Dioxide (NO2), Sulphur Dioxide (SOz), Ozone (O3), Carbon
Monoxide (CO), Formaldehyde (HCHO), and Methane (CH4) concentrations for urban
clusters and their rural references for the 2019 baseline, as well as their perturbed values
during the lockdown. The values above the bars show the mean values for the baseline
period and the percentage change from that value. The error bars represent the 95%

confidence interval of the mean.
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Figure S7: Regional changes in aerosols and clouds. Sub-figures (a) and (b) show maps of the
changes in rural aerosol optical depth (AODrur) and cloud fraction (CFru) during the lockdown
compared to the baseline (5-year for AOD and 1-year for CF).
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Figure S8: Map of the urban clusters in the region of interest and the change in their (a)
spatial mean urban-rural differential in NDVI (ANDVluw-rur) and (b) spatial mean rural
NDVI (ANDVlI,w) during the lockdown compared to the 5-year baseline.
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Figure S9: Correlations between surface urban heat islands (SUHI) and the urban-rural
differentials in (a) normalized difference vegetation index (NDVIuw.-rur), (b) Aerosol Optical
Depth (AODurb-rur), (¢) cloud fraction (CFurb-rur), and (d) surface albedo (owrb-rur) respectively, for
all urban clusters during the lockdown (in blue) and 5-year baseline period (in red). The lines of

best fit and coefficients of correlation are shown.
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Figure S10: Correlations between surface albedo (a) and normalized difference vegetation index
(NDVI), for rural references during the lockdown (in blue) and for the 5-year baseline period (in

red). The lines of best fit and coefficients of correlation are shown.
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Figure S11: Correlations between land surface temperature (LST) and normalized difference

vegetation index (NDVI), for (a) urban clusters and (b) rural references during the lockdown (in

blue) and for the 5-year baseline period (in red). The lines of best fit and coefficients of

correlation are shown.

15




K
w B
o o

Daytime LSTyrp
N
o

Jury
o

a
N w N =~
o o o

Daytime LSTy, (K)
=
o

488 37.7

Daytime LSTyr (K)
N w B
o o o

=
o

39.6 37.3

0.6
~05
=0.4
0.3
(0]
Eo2
3

>
©

So1

0.0

218.9%

0.13

0
Baseline Lockdown

0
Baseline Lockdown

)
&

w
o

Daytime LSTr (K
= N
o o

Baseline Lockdown

824.1%

Baseline Lockdown

0
Baseline Lockdown

Baseline Lockdown

(b)
0.40

0.30

NDVlyrp
o
N
o

0.10

0.00

(d)
0.40

0.30

0.20

NDVlyro

0.10

0.00

16.5%
0.30

0.40

0.30

NDVI,r

0.10

0.00

20.4%

0.31

Baseline Lockdown

Baseline Lockdown

11.0%

0.40

0.30

NDVI,y,
o
N
o

0.10

0.00

11.9%

Baseline Lockdown

Baseline Lockdown

Figure S12: Sensitivity of changes in normalized differences vegetation index (NDVI), land

surface temperature (LST), and surface urban heat island (SUHI) to baseline and sensor

selection. Sub-figures (a) and (b), show the mean NDVI and LST for urban clusters and their

rural references for an 18-year (2003-2019) baseline period, as well as their perturbed values

during the lockdown. Sub-figures (c) and (d) are similar, but based on measurements from the

Terra satellite and using 5-year (2015-2019) baseline. The error bars represent the 95%

confidence interval of the mean.
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Table S1: Summary (mean, 95% confidence intervals of mean) of satellite-derived estimates of
the main variables of interest for urban clusters and their rural references. The spatial mean of

each urban (and corresponding rural) polygon is treated as a sample point.

Satellite Observations

Variable (unit)

Baseline

Lockdown

Daytime surface urban heat island (K)
Nighttime surface urban heat island (K)
Urban normalized difference vegetation index
Rural normalized difference vegetation index
Urban aerosol optical depth

Rural aerosol optical depth

Urban surface albedo

Rural surface albedo

Urban cloud fraction

Rural cloud fraction

Urban daytime surface temperature (K)
Rural daytime surface temperature (K)
Urban nighttime surface temperature (K)

Rural nighttime surface temperature (K)

(0.23,0.14,0.32)
(0.88,0.8,0.97)
(0.3,0.29,0.31)

(0.32,0.31,0.33)

(0.53,0.53, 0.54)

(0.54, 0.53, 0.55)

(0.155, 0.154, 0.157)
(0.164, 0.162, 0.165)
(0.107, 0.102, 0.111)
(0.106, 0.102, 0.111)
(312.9,312.6,313.2)
(312.7,312.4,313.0)
(295.0, 294.8, 295.1)
(294.1,293.9, 294.3)

(0.43,0.34, 0.52)
(0.86,0.78, 0.94)
(0.34,0.33, 0.34)
(0.37,0.36,0.38)
(0.5,0.49, 0.51)
(0.51,0.5,0.52)
(0.151,0.15, 0.153)
(0.159, 0.158, 0.16)
(0.146, 0.14, 0.151)
(0.145, 0.14, 0.15)
(311.2,310.8,311.5)
(310.7,310.4,311.1)
(294.4,294.3, 294.6)
(293.6,293.4, 293.7)
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Table S2: Summary of data-driven examination of the control of the urban-rural differentials on
the change in SUHI using multiple linear and random forest (RF) regressions. For the linear
regressions, the combination of variables that lead to the highest adjusted R? is listed for
increasing subset size. For the RF regression, both the mean and standard deviation of the

permutation feature importance scores and 2 (based on the 50 random training/validation splits)

are noted.
. . Random Forest
Linear Regressions .
Regressions
Model Adjusted R>  Feature  Importance Scores 72
ASUHI=0.14-9.76 ANDV Lutb-rur 0.15  ANDVlutb-rur 0.82+£0.08
ASUHI=0. 1 3‘9‘07ANDVIurb-rur+23 .54Aa'urb-rur O 1 8 AQ’urb-rur 046 + 007 O 09
ASUHI=0.12-8.70ANDV Lutb-rurt24.08 A urb- 019 AAOD st rur 027 + 0.04 N
Tur- 1 ‘36AAODurb.rur O 1 O
ASUHI=0.12-8.6 7ANDV Lutb-rurt24.08 A curb- 019 ACFutbrur 021 +0.03

rur- 1 .39AAODurb-rur'3 .6 1 ACFurb-rur
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Table S3: Regional midday (1:30 pm local time) values (mean + standard deviation) of relevant

variables for the baseline, the lockdown, and their corresponding changes from both the

MERRA-2 reanalysis and the satellite observations.

Variable (unit)

MERRA-2 Reanalysis

Satellite Observations

Baseline Lockdown Change Baseline Lockdown Change
Aerosol optical depth 0.54£0.09  0.44£0.09  -0.1¢0.02  0.54#0.11 0.49%£0.12 -0.05:0.07
Cloud fraction 0.18+0.05  0.23:0.1  0.05:0.08 0.1%0.05  0.14£0.05 0.04+0.04
Surface temperature (K) 317.4%5 313.5+5.1 -3.9+14 313.2+4 311.244.2 -2+1.4
Air temperature (K) 311.243.6 308.1+37  -3.1%1 NA NA NA
Relative humidity (%) 181482  24.8%7.1  6.7+3.6 NA NA NA
Precipitation (mm day) 0.83+3.2 1.20£3 0.37£0.8 NA NA NA
Wind speed (m s1) 473+07  4.14:0.6  -0.59£0.5 NA NA NA
?\}\l,'ill‘}’z)‘mdem shortwaveradiation g5 1,568 g04.6£58.4 -10.5+39.8 NA NA NA
Clear-sky incident shortwave 867.4+41 880.1:389 -12.7+3.7 NA NA NA
radiation (W m-2)
Clear, clean-sky Incident shortwave g, g 6,394 94234285  -7.2¢35 NA NA NA
radiation (W m-2)
Shortwave aerosol radiative forcing 65,156 5874133 19,8451 NA NA NA
(Wm-?)
All-sky incoming longwave radiation 509,919 3965418 -24448 NA NA NA
(Wm?)
Clear, clean-sky incominglongwave 540 6.99 5 38894211  -1.9+4 NA NA NA
radiation (W m-2)
Clea.r-sky lonfgwave aerosol radiative 4.6+0.8 28406 1.8+0 4 NA NA NA
forcing (W m-2)
Black-sky albedo NA NA NA 0.164+0.02 0.158+0.182 -0.006+0.008
White-sky albedo NA NA NA 0.181+0.021 0.176+0.019 -0.005%0.009
Surface albedo 0.15140.02 0.152+0.02  -0.0010 NA NA NA
El‘ére‘;‘ahzed difference vegetation NA NA NA 031+0.13  035+0.12  0.04+0.04
Sensible heat flux (W m-2) 309.5¢55 246.4+53.1 -63.1+38.4 NA NA NA
Latent heat flux (W m-2) 107.7+¢67.1 198.1+67.2 90.4%39.2 NA NA NA
Bowen ratio 2.87+3.02  1.24%0.76 -1.63+2.35 NA NA NA
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