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Abstract

Drought restricts sustainable agricultural development, ecological health, and
socioeconomic progress, and is influenced by multiple factors. It is widely rec-
ognized that no single variable can fully capture the characteristics of drought
events. Analyzing precipitation, reference evapotranspiration (ET,), and vege-
tation yield can provide critical information for water resource conservation in
grassland ecosystems across arid and semi-arid regions. This study investigated
the interactions among precipitation, ET(, and vegetation yield in Darhan
Muminggan Joint Banner (DMJB), a desert steppe in China’s Inner Mongolia
Autonomous Region, using two-dimensional (2D) and three-dimensional
(3D) joint distribution models.  Three Copula functions were employed
to quantitatively analyze the joint distribution probabilities of different
combinations of precipitation, ET, and vegetation yield. For the precipitation—
ET, dry-wet type, the 2D joint distribution probability with precipitation
$ 245.69mm/aorET{0}3 $ $959.20 mm/a in DMJB was approximately
0.60, while the joint probability with precipitation §245.69mm/aandET{0}$
$ 959.20mm/awasabout0.20.Correspondingly, thejointreturnperiod foratleastoneo fthesetwoevents(drypreci
occurrencereturnperiod forbotheventshappeningsimultaneouslywasbyears.Undertheseconditions, theinterv
increased, the 3D joint distribution probability that vegetation yield would
decline due to water shortage during precipitation-ET, dry-wet years could
reach 0.60-0.70. Future work should implement irrigation activities and water
allocation criteria to increase vegetation yield and ensure water resource
security in Inner Mongolia’s desert steppe.
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Abstract

Drought restricts sustainable agricultural development, ecological health, and
socioeconomic progress, and is influenced by multiple factors. It is widely rec-
ognized that no single variable can fully capture the characteristics of drought
events. Analyzing precipitation, reference evapotranspiration (ET,), and vege-
tation yield can provide critical information for water resource conservation in
grassland ecosystems across arid and semi-arid regions. This study investigated
the interactions among precipitation, ET(, and vegetation yield in Darhan
Muminggan Joint Banner (DMJB), a desert steppe in China’s Inner Mongolia
Autonomous Region, using two-dimensional (2D) and three-dimensional
(3D) joint distribution models. Three Copula functions were employed
to quantitatively analyze the joint distribution probabilities of different
combinations of precipitation, ET), and vegetation yield. For the precipitation—
ET, dry-wet type, the 2D joint distribution probability with precipitation
$ 245.69mm/aorET{0}$ § $959.20 mm/a in DMJB was approzimately
0.60, while the joint probability with precipitation $245.69mm/aand ET{0}$
$ 959.20mm/awasabout0.20.Correspondingly, thejointreturnperiod foratleastoneo fthesetwoevents(drypreci
occurrencereturnperiod forbotheventshappeningsimultaneouslywasbyears.Undertheseconditions, theinterv
increased, the 3D joint distribution probability that vegetation yield would
decline due to water shortage during precipitation-ET dry—-wet years could
reach 0.60-0.70. Future work should implement irrigation activities and water
allocation criteria to increase vegetation yield and ensure water resource
security in Inner Mongolia’s desert steppe.

Keywords: precipitation; reference evapotranspiration; vegetation yield; Cop-
ula functions; desert steppe; dry and wet events; Inner Mongolia
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1 Introduction

Grasslands constitute a vital component of terrestrial ecosystems, playing cru-
cial roles in climate regulation, soil and water conservation, soil quality improve-
ment, and biodiversity maintenance (Wang et al., 2022a). Desert steppes repre-
sent the transitional zone between grassland and desert, representing the most
severely desertified type among all grassland categories. The desert steppe in
China’s Inner Mongolia Autonomous Region accounts for approximately 18.00%
of the nation’s total grassland area (Li et al., 2013; Chu et al., 2014; Fang et
al., 2016). The ecological environment of desert steppes is fragile and extremely
sensitive to precipitation changes (Zhan et al., 2007; Guo et al., 2012; Song et
al., 2017; Legesse et al., 2022). Strong evaporation and surface radiation further
exacerbate the water sensitivity of desert steppe vegetation (Bittelli et al., 2008;
Jung et al., 2010; Armstrong et al., 2015).

Precipitation and reference evapotranspiration (ET) are two important, corre-
lated hydrological variables that characterize the relationship between regional
water supply and plant demand (Li et al., 2017). Water is the primary limiting
factor affecting grassland ecosystems, a fact confirmed by both controlled ex-
periments and precipitation-gradient studies (Bai et al., 2008; Yuan and Chen,
2009; Beier et al., 2012). In desert steppes, monthly precipitation from May to
August determines annual precipitation totals. Research on the Inner Mongo-
lia desert steppe reported ET|, values between 570.00 and 1674.00 mm/a from
1961 to 2010, with the highest values in western Inner Mongolia (Wang et al.,
2015). Aridity in arid regions is projected to increase during the 21st century
(Andrés et al., 2017). Investigating how vegetation yield responds to precipi-
tation and ET( in desert steppes can reveal not only the quantitative risk of
yield reduction due to water shortage under natural precipitation conditions but
also contribute to understanding ecological stability and yield security in Inner
Mongolia’s desert steppe.

Many studies on arid and semi-arid ecosystems have analyzed individual precip-
itation events or examined changes in specific factors relative to precipitation
(Yan et al., 2018; Yu et al., 2019; Du et al., 2020). However, few have focused on
yield responses to both precipitation and ET, in desert steppes, and quantita-
tive analysis of multivariate distribution probabilities for these variables remains
challenging. To more accurately predict precipitation’s influence on yield, under-
standing how yield responds to precipitation and ET, events is essential. Copula
functions are mathematical tools for solving multivariate probability problems
that can reflect correlations between variables independent of their marginal dis-
tributions (Amirataee et al., 2020). These functions impose no limitations on
variable marginal distributions, and the original random variable information
remains unchanged during conversion, particularly when variable dimensions
change by less than three. Multivariate probability models constructed from
Copula functions are simple and easy to apply (Xie et al., 2012). To date, Cop-
ula functions have been extensively used in hydrology-climate research (e.g.,
Hao and Singh, 2015; Xu et al., 2015; Zhang et al., 2015; Cai et al., 2021). Cop-
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ula fitting has been employed to analyze drought distribution, duration, and
intensity (e.g., Amirataee et al., 2020). For instance, Wu et al. (2015) used Cop-
ula functions to study hydrological drought frequency variations in southern
China. Additionally, drought risk can be qualitatively described and quanti-
tatively evaluated through different precipitation-ET,, combinations, thereby
improving irrigation planning and water resource deployment (e.g., Vo et al.,
2020).

In summary, this study had three objectives: (1) calculate ET, using the
Penman—Monteith formula and select and validate suitable marginal distribu-
tions and Copula functions for precipitation, ET, and yield in Inner Mongo-
lia’s desert steppe; (2) quantitatively evaluate the 2D and 3D joint distribution
probabilities of precipitation, ET,, and yield using Copula functions; and (3)
explore the main factors influencing desert steppe yield and provide measures
to mitigate desertification and promote sustainable vegetation development in
the region.

2 Materials and Methods
2.1 Study Area

The study area is located in Darhan Muminggan Joint Banner (DMJB;
109°16'-111°25’E, 41°20'—42°40’N), a typical desert steppe covering approxi-
mately 1.81$x107{5}$ km? in central and western Inner Mongolia Autonomous
Region, China. This hilly desert steppe at the northern foot of Yinshan
Mountain is characterized by a temperate, semi-arid continental climate. The
average annual precipitation is 253.45 mm, the mean annual temperature is
4.12°C, and the average annual evaporation is 2480.57 mm (Song et al., 2017).
Brown soil dominates the region, and vegetation consists primarily of perennial
xerophytes. Dominant species include Artemisia frigida, Stipa krylovii, Stipa
klemenzii, Stipa breviflora, and Cleistogenes songorica. Average vegetation
coverage was 35.00% during 2002-2020.

Vegetation data for this study were collected from the Yinshanbeilu Grassland
Eco-hydrology National Observation and Research Station in DMJB (Fig. 1
[Figure 1: see original paper]).

Fig. 1 Overview of land use/land cover in the study area (Darhan Muminggan
Joint Banner; a), and photos showing Artemisia frigida (b) and Stipa krylovii

()

2.2 Data Sources

This study collected daily meteorological data from 2002-2020 and annual
yield data during the main growing season (May—September) from 2002-2020.
Daily precipitation, maximum temperature, minimum temperature, relative
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humidity, sunshine hours, solar radiation, water vapor pressure, and average
wind speed data were obtained from the China Meteorological Administration
(http://cdc.cma.gov.cn). Data collection and processing followed the World
Meteorological Organization’s Global Observing System guide and the China
Meteorological Administration’s technical specifications and standards for
weather observations. Sunshine hour data for July—December 2020 were
estimated from the average daily values for 2000-2019. Yield data from
2002-2020 were collected from an intensive pastoral region covering 1.33 km?.
Artemisia frigida and Stipa krylovii were selected as representative species to
simulate yield, as they dominated plant community composition in sampling
plots and represented different functional groups (Zhao et al., 2006; Chen et al.,
2013). Each year around mid-August (harvest time), 5-10 plots (1 m$x$1 m
each) dominated by these species were selected for yield survey, grid sampling,
measurement, and evaluation. One sample was taken per plot. From 2002 to
2020, a total of 167 grass samples were collected, and aboveground dry weight
was measured. Statistical analyses were performed using R (Lucent Technolo-
gies, New Jersey, USA) and Excel software. Graphics were preprocessed using
MATLAB R2018b software (MathWorks, Massachusetts, USA). Data time
ranges are shown in Table 1 .

Table 1 Description of the data used in this study

Data Type Factor Unit Period

Meteorological data  Solar radiation kJ/(m?-d) 2002-2020
Minimum temperature °C 2002-2020
Maximum temperature °C 2002-2020
Relative humidity % 2002-2020
Water vapor pressure kPa 2002-2020
Average wind speed m/s 2002-2020
Precipitation mm/d 2002-2020
Sunshine hours h/d 2002-2020

Yield data Annual dry weight of yield per unit area g/(m?-a)  2002-2020

Note: Yield refers to vegetation yield.

2.3 Methods

2.3.1 Calculation of ET; The Penman-Monteith formula, recommended by
the United Nations Food and Agriculture Organization (FAO) in 1998 (Allen,
2000), integrates data on elevation, latitude, wind speed, altitude, daily max-
imum temperature, daily minimum temperature, daily average temperature,
daily average wind speed, daily average relative humidity, sunshine hours, and
other variables. ET| is calculated as follows (Zhang et al., 2012):

ET, = [0.408A(R - G) + v(900/(T + 273))uy(e -e)] / [A 4+ v(1 4+ 0.34u,)]
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where ET, is the reference evapotranspiration (mm/d); A is the slope of the
saturated vapor pressure-temperature curve (kPa/°C); R is the net solar radia-
tion of the plant canopy surface (MJ/(m? - d)); G is the soil heat flux (MJ/(m? -
d)), and daily G was calculated as zero in this study (G=0); ~ is the hygrometer
constant (kPa/°C); u, is the wind speed at 2 m height (m/s); e and e are the
saturated water vapor pressure (kPa) and actual water vapor pressure (kPa),
respectively; and T is the average temperature (°C).

2.3.2 Marginal Distribution The Weibull (WEI), gamma (GAMMA), and
Exponential (EXP) distributions were used to fit the marginal distributions of
precipitation, ET;, and yield. The maximum likelihood method estimated Cop-
ula function parameters, and the Kolmogorov-Smirnov test (K-S test) selected
the optimal marginal distribution (Song and Singh, 2010; Mohammadpour et
al., 2012).

The WEI distribution function is given by: f(x) = (b/a)(x/a)”(b-1)exp|-(x/a)"b]
for x > 0 where f(x) is the marginal distribution function of x (representing pre-
cipitation, ET, or yield); a is the scale parameter; and b is the shape parameter.

The GAMMA distribution function is given by: f(x) = [1/(T'(b)a”b)]x " (b-
1)exp(-x/a) for x > 0 where I" denotes the GAMMA function.

The EXP distribution function is given by: f(x) = Aexp(-Ax) for x > 0 where A
is the scale parameter (A>0).

2.3.3 Joint Distribution Model A Copula function does not limit the
marginal distribution of variables. With the Copula model, several arbitrary
marginal distributions can be connected to form a multivariate joint distribu-
tion probability model. Copula functions are based on Sklar’s theorem (Sklar,
1959). For continuous random variables (X, X,, .., X where n=3 in this study)
with marginal distribution functions F,(X;), F5(X,), .., F (X ), there exists a
Copula function C such that: F(x, xg, .., x ) = C(F;(x;), Fa(xy), ., F (x))

The K-S test statistic D for selecting the optimal marginal distribution is defined
as the maximum distance between the empirical and theoretical distribution
functions.

This study used three commonly applied functions—the Clayton Copula,
Gumbel-Hougaard Copula, and Frank Copula functions (Lazoglou and Anag-
nostopoulou, 2019)—to construct 2D and 3D joint distributions of precipitation,
ET,, and yield (Tables 2 and 3).

Table 2 Description of the two-dimensional (2D) Copula functions

Copula function Function expression Condition
Clayton Cluyv)=u(-)+v(-)-1)(1/) >0
Gumbel-Hougaard C(u,v) = exp{-[(-ln u)” + (-ln v)"|7(1/)} >1
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Copula function Function expression Condition

Frank C(u,v) =-1/ In[1 + (exp(- u)-1)(exp(- v)-1)/(exp(- )-1)] #0

Note: u and v are marginal distribution functions for any two of precipitation,
ET,, and yield; and is the Copula function parameter.

Table 3 Description of the three-dimensional (3D) Copula functions

Copula function Function expression Condition
Clayton C(uy,ug,us) = (u; 7 (-) + >0

u (=) () -2)7(-1/)
Gumbel-Hougaard C(uy,us,u3) = exp{-[( -In >1

uy)” 4 ((Inuy)” + (-In
ug)” (1)}

Frank C(uy,uy,u3) = -1/ In{l + #+0
(exp(- 1y )-1)(exp(- uy)-1)(exp(-
uy)-1)/[(exp(- )-1)*]}

Note: uy, uy, and ug are marginal distribution functions for precipitation, ET,,
and yield, respectively; and is the Copula function parameter.

The Copula function goodness-of-fit test is essential for selecting optimal func-
tions. The root mean square error (RMSE) and Akaike information criterion
(AIC) tested Copula function fitting. The fitting test and goodness-of-fit (Li
et al., 2013), using minimum AIC as the best-fit criterion, were calculated as
follows:

AIC = N x In(MSE) + 2t RMSE = /(MSE) MSE = (1/N)2(P - P )?

where MSE is the mean square error; N is the total number of joint observations;
P is the empirical frequency; P is the theoretical frequency; RMSE is the root
mean square error; and t is the number of parameters.

For 2D joint distributions, the empirical frequency is calculated as: P (x,y ) =
(1/N) % Num(x <x, y <y )

where Num(x <x, y <y ) indicates the number of joint observations less than
or equal to (x,y ).

For 3D joint distributions, the empirical frequency is calculated as: P (x, v,
z)=(1/N) x Num(x <x,y <y, z<z)

where Num(x <x , y <y, z <z ) indicates the number of joint observations less
than or equal to (x,y, z).
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2.3.4 Joint Distribution Probability and Return Period Using pf(wet)
and pk(dry) values of 37.50% and 62.50%, respectively, as frequency thresholds
for classifying annual precipitation or ET into wet, normal, and dry categories,
we analyzed interannual differences using the 2D Copula joint distribution model
(Yan et al., 2007). We further determined the occurrences of wet, normal, and
dry seasons, which can be divided into nine situations (Yan et al., 2007), as
shown in Table 4 .

Table 4 Division of occurrences of wet, normal, and dry situations for
precipitation—ET|,

Situation Frequency Precipitation-ET| type

P1 0.125 Wet—wet

Py 0.125 Wet—normal

Ps3 0.125 Wet—dry

P4 0.125 Normal-wet

Ps 0.125 Normal-normal
o 0.125 Normal-dry

P 0.125 Dry-wet

Ps 0.125 Dry-normal

Py 0.125 Dry—dry

Note: ET, denotes reference evapotranspiration; p; —pg represent the frequencies
of nine situations; X is the precipitation series; Y is the ET, series; pf and
pk are frequency values for dividing precipitation or ET, into wet and dry,
respectively; xpf and xpk are threshold values for dividing precipitation into wet
and dry, respectively; ypf and ypk are threshold values for dividing ET,, into wet
and dry, respectively.

Given that this study’s main aim was to evaluate the risk of decreased yield
under wet, normal, or dry conditions in Inner Mongolia’s desert steppe, we
focused on two joint distribution probabilities of the precipitation-ET,, dry-wet
type and their return periods:

P(X<xor Y>y) =F (x) + F (y) - F(xy) P(X<x, Y>y) = F (x) - F(xy)

where G, (x, y) and P(X<x or Y>y) refer to the joint distribution probability
when at least one of two events occurs (X not exceeding a certain value or Y
exceeding a certain value); G’ , (x, y) and P(X<x, Y>y) refer to the joint distri-
bution probability when both events occur simultaneously (X not exceeding a
certain value and Y exceeding a certain value); F (x) and F (y) are marginal dis-
tributions for precipitation and ET; F(x, y) is the joint probability distribution
function for X<x and Y<y; T, is the joint return period; and T’ , indicates
the co-occurrence return period when both events occur simultaneously.
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3 Results

3.1 Marginal Distributions of Precipitation, ET, and Yield, and Di-
vision of Precipitation and ET,

The time series of precipitation, ET,), and yield in DMJB from 2002 to 2020
are shown in Figure 2 [Figure 2: see original paper|. ET, was generally nega-
tively correlated with precipitation and yield, while precipitation and yield were
positively correlated. The difference between precipitation and ET|, fluctuated
between approximately 400.00-900.00 mm/a during the study period, reaching
its maximum of 863.66 mm/a in 2009.

Fig. 2 Relationships between precipitation and reference evapotranspiration
(ET,; a), precipitation and yield (vegetation yield; b), and ET, and yield (c)
from 2002 to 2020

At a significance level of a=0.05, precipitation, ET,, and yield in DMJB con-
formed to the GAMMA distribution (Table 5 ), a special form of Pearson type
III distribution. When the K-S test significance level was 0.05 (n=19), the corre-
sponding quantile was 0.30. The K-S test statistics for precipitation, ET, and
yield under the GAMMA distribution were 0.16, 0.11, and 0.17, respectively—
all below the corresponding quantile values, with P-values all exceeding 0.05.
This indicates that the GAMMA distribution was appropriate and could provide
threshold values for classifying precipitation and ET, into wet, normal, and dry
conditions in DMJB (Table 6 ).

Table 5 Parameters of the univariate marginal distributions

Characteristic variable Marginal distribution function Parameter K-S test

Shape Scale
Precipitation GAMMA 0.04$x107{-2}$ 8.59$x107{-7}$
ET, GAMMA 2.15$x107{-2}$ 1.25$x107{-6}$
Yield GAMMA 1.87$x107{-2}$ 9.34$x107{-7}$

Note:  WEI, Weibull, GAMMA, gamma; EXP, Ezponential; K-S test,
Kolmogorov-Smirnov test. The K-S test statistic represents the mazimum
distance between distributions; smaller values indicate smaller gaps and greater
consistency. Larger P-values indicate failure to reject the null hypothesis
(P>0.05) and greater similarity between distributions.

Table 6 Division values for classifying precipitation and ET| into wet and dry

Category Wet (frequency of 37.50%) Dry (frequency of 62.50%)
Precipitation (mm/a) 312.45 245.69

ET, (mm/a) 875.30 959.20

Division value Upper threshold Lower threshold
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3.2 Joint Distributions of Precipitation, ET, and Yield

The maximum likelihood method calculated Copula function parameters.
RMSE between empirical and theoretical frequencies was computed, with
minimum AIC as the criterion for selecting optimal fitting functions. Results
are shown in Table 7 . Since precipitation and yield were negatively correlated
with ET\, only the Frank Copula function was suitable as their joint function.
Precipitation and yield were positively correlated. For the precipitation—yield
relationship, the Gumbel-Hougaard Copula function showed the smallest AIC
and RMSE values, indicating the best goodness-of-fit. For ET(-yield, the
Frank Copula function performed best, with AIC and RMSE values of —75.53
and 0.13, respectively.

Table 7 Parameter values and goodness-of-fit tests of the Copula functions

Relationship of variables Copula function AIC RMSE
Precipitation-ET,, Frank 12.45 -68.23 0.15
Precipitation—yield Gumbel-Hougaard 2.18 -82.15 0.11
ET,-yield Frank 8.76  -75.53 0.13
Precipitation-ET,~yield Frank 7.34  -71.28 0.18

Note: , Copula function parameter; AIC, Akaike information criterion; RMSE,
root mean square error. The Copula function with the smallest AIC and RMSE
values was selected as the most appropriate probability distribution.

As shown in Figure 3 [Figure 3: see original paper]|, the empirical and theoretical
frequencies of joint distributions for precipitation, ET(, and yield in DMJB
based on Copula functions were uniformly distributed around the 45° diagonal
line, indicating good fit. The best goodness-of-fit occurred for precipitation—
yield (Fig. 3c) and ET,—yield (Fig. 3d), both with R? values of 0.96 between
empirical and theoretical frequencies, followed by precipitation-ET, (Fig. 3b)
with R2=0.88. The precipitation—ET,—yield relationship showed the lowest R?
value at 0.76 (Fig. 3a). These results demonstrate that the selected Copula
functions were reasonable.

Fig. 3 Empirical frequency and theoretical frequency of joint distributions of
precipitation-ET—yield (a), precipitation-ET, (b), precipitation-yield (c), and
ET,—yield (d)

3.3 Joint Distribution Probability of Precipitation, ET, and Yield

3.3.1 2D Joint Distribution Probability The 2D joint distribution
probability contours for precipitation-ET,,, precipitation-yield, and ET,—yield,
along with actual value distributions during 2002-2020, are plotted in Figure
4 [Figure 4: see original paper|. The patterns in 2D probability values were
consistent across all variable pairs. Actual years with precipitation-ET|
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joint distribution showing precipitation $ 300.00mm/aand ET{0}$ $ $1000.00

mm/a totaled 12 years in DMJB during 2002-2020, accounting for 63.16%

of the study period, while the 2D joint distribution probability for pre-

cipitation §300.00mm/aand ET{0}$ $ $1000.00 mm/a was 0.53 (Fig. 4a).

For precipitation—yield joint distribution with precipitation $ $300.00 mm/a and

yield $ 80.00g/(m™{2}-a), actualyearstotaled13, accounting for68.42{0}—yieldjointdistributionwith ET{0}$

$ $1000.00 mm/a and yield $ 80.00g/(m~{2}-a), actualyearstotaled13, mainlyconcentratedin2002-2016, witha
yield in DMJB during 2002-2020. The probability of yield being $ 80.00g/(m~{2}$-

a) was approximately 0.50.

Fig. 4 Two-dimensional (2D) joint distribution contours of precipitation-ET,
(a), precipitation—yield (b), and ETy-yield (c¢) in DMJB

3.3.2 Frequency Analysis of 2D Joint Distributions for Wet, Normal,
and Dry Conditions of Precipitation-ET, Among the nine combinations
of wet, normal, and dry conditions, the dry—wet type for precipitation-ET, was
most unfavorable for irrigation scheduling. Figure 5 [Figure 5: see original
paper] shows 2D joint distribution contours of precipitation-ET and actual
precipitation and ET, value distributions in DMJB during 2002-2020. Figure
5a indicates the joint distribution probability when at least one of two events
occurred (precipitation was dry or ET, was wet), while Figure 5b shows the
joint probability when both events occurred simultaneously (precipitation was
dry and ET, was wet). Overall, joint probability patterns were consistent,
increasing with higher precipitation and lower ET,. The joint distribution
probability for the precipitation-ET, dry-wet type with actual precipitation
$ 245.69mm/aorET{0}$ $ $959.20 mm/a was approzimately 0.60 during 2002
2020, occurring in 12 years (63.16% of the study period). However, the joint
distribution probability for precipitation $245.69mm/aand ET{0}$ $ $959.20
mm/a was approximately 0.20, occurring in 3 years (15.79% of the study pe-
riod).

The joint return period for at least one of the two events (dry precipitation or
wet ET,) occurring was 2 years, and the co-occurrence return period for both
events happening simultaneously was 5 years. These values were calculated from
Equation 11 based on the precipitation-ET, dry-wet type joint distribution
probability in DMJB. Water supply-demand imbalance in DMJB is more likely
under natural precipitation. Under these conditions, the interval between dry
and wet events would be short, and the risk of vegetation water demand not
being met would be greater.

Fig. 5 2D joint distribution probability contours of precipitation-ET, with
at least one event (precipitation dry or ET, wet) occurring (a) and with both
events (precipitation dry and ET wet) occurring simultaneously (b)

3.3.3 3D Joint Distribution Probability Analysis in Table 7 indicated
that the Frank Copula function could be applied to the 3D joint distribution
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of precipitation, ET,, and yield when precipitation <u; (where u; is precipi-
tation’s marginal distribution function), ET, <u, (where u, is ET’s marginal
distribution function), and yield <us; (where ug is yield’s marginal distribution
function) all occurred in DMJB.

The 3D joint distribution probability of precipitation, ET,, and yield is
shown in Figure 6 [Figure 6: see original paper|. The average yield per unit
area was 73.05 g/(m?-a) in DMJB during 2002-2020. When precipitation
was dry and ET, was wet (as in 2004, 2005, and 2009), average yield per
unit area was low (48.74 g/(m?-a)), and the 3D joint distribution proba-
bility for precipitation $ 245.69mm/a, ET{0}$ $ $959.20 mm/a, and yield
$48.74g/(m~{2}-a)was0.07.W henprecipitationwasdryorET{0}$ was wet,
average yield per unit area was 68.24 g/(m? - a), and the 3D joint distribution
probability for precipitation $ 245.69mm/a, ET {0}$ $ $959.20 mm/a, and yield
$68.24g/(m {2}-a)was0.12.Notably, whenprecipitationremainedstableand ET{0}$
increased, the 3D joint distribution probability that yield would decrease due
to water shortage in precipitation-ET, dry—wet years could reach 0.60-0.70.
Additionally, as shown in Figure 6, when ET,, was below 900.00 mm/a, the 3D
joint distribution probability of yield decrease was less than 0.30, indicating
that desert steppe yield was sensitive to precipitation and other factors such as
temperature, wind speed, and sunshine hours.

Fig. 6 Three-dimensional (3D) joint distribution probability of precipitation,
ET,, and yield in DMJB

4 Discussion

During crop growth periods, precipitation and ET, are primary factors causing
agricultural drought. Batsukh et al. (2021) used ET, to predict evapotran-
spiration of specific biological communities in Inner Mongolia’s desert steppe
when meteorological data were scarce. Han et al. (2015) studied climate and
vegetation phenology dynamics in Inner Mongolia’s desert steppe, finding that
primary productivity decreased from southeast to northwest along precipita-
tion gradients. Precipitation affects vegetation growth when transformed into
soil water through canopy interception (Sugita et al., 2015). However, pre-
vious studies have been relatively one-dimensional and lack multivariate re-
search on desert steppes (Zhu et al., 2022). In our study, the joint distribu-
tion probability for the precipitation-ET, dry-wet type with actual precipita-
tion $ 245.69mm/aorET_{0}$ $ $959.20 mm/a was approximately 0.60 during
2002-2020.

Building on previous research, we quantitatively analyzed and predicted the
2D and 3D joint risk probabilities of precipitation, ET,, and yield in Inner
Mongolia’s desert steppe. Results showed that for the precipitation-ET|
dry-wet type, the 2D joint distribution probability with actual precipita-
tion $ 245.69mm/aorET{0}$ $ $959.20 mm/a in DMJB was approzimately
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0.60, while the probability with precipitation $245.69mm/aand ET{0}$
$ 959.20mm /awasabout0.20.T hejointreturnperiodandco—occurrencereturnperiodwerecalculatedas2andbyec
dry—wet years, which could increase grassland degradation in Inner Mongolia
(Hu et al., 2019). This result aligns with findings that evapotranspiration would
increase further under global warming (Li et al., 2016). The desert steppe
was also affected by ET| changes (Figs. 3c and 6), consistent with the fact
that ET, in Inner Mongolia’s temperate desert steppe can be well estimated
using only meteorological variables and the Penman—Monteith equation (Yang
and Zhou, 2011). Previous studies also demonstrated that small precipitation
events (0.00-5.00 mm) had limited effects on plant assimilation (e.g., Song et
al., 2017). Our results showed that when ET, was below 900.00 mm/a, the
3D joint distribution probability of decreased yield was less than 0.30 (Fig.
6), suggesting that desert steppe yield was sensitive to precipitation and other
factors such as temperature, wind speed, and sunshine hours (Wang et al.,
2022b). Therefore, artificial precipitation, reduced grazing, and other measures
are needed in precipitation-ET, dry-wet years to ensure sustainable desert
steppe development, and drought adaptability is essential for grassland species
growth.

This study plays an important role in analyzing dry and wet event probabilities
during crop growth periods in Inner Mongolia’s desert steppe and guiding agri-
cultural drought control. However, our work had some data processing limita-
tions. Vegetation data were limited. Since Artemisia frigida and Stipa krylovii
are dominant species in DMJB, rare varieties were ignored during vegetation
collection. Additionally, although suitable Copula functions selected by precipi-
tation, ET,, and yield marginal distributions showed good fit (Fig. 3; Table 7),
some software precision deviations existed. Future desert steppe studies should
consider other factors such as biodiversity and explore feedback mechanisms
between soil organisms and the hydrological cycle in arid and semi-arid regions.

5 Conclusions

This study examined yield responses to precipitation and ET, in wet
and dry years in a typical desert steppe (DMJB) in Inner Mongolia and
investigated interactions among precipitation, ET,, and yield during 2002-
2020. All three variables followed the GAMMA distribution, and joint
distribution models for precipitation-ET-yield, precipitation-ET,, and
ET,-vield established by the Frank Copula function fitted well. The Gumbel-
Hougaard Copula function showed the best fit for the precipitation—yield
joint distribution model. R? values between empirical and theoretical
frequencies exceeded 0.70 for all relationships. The 3D joint distribution prob-
ability for precipitation $ 245.69mm/a, ET{0}$ $ $959.20 mm/a, and yield
$48.74g/(m™{2}-a)was0.07.Jointdistributionprobabilityvalues forprecipitationand ET{0}$
both increased with higher precipitation and lower ET; in DMJB. Under natu-
ral precipitation, DMJB faced relatively high risk of water supply failing to meet
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vegetation water demand, with short intervals between dry and wet events. For

the precipitation-ET|, dry—wet type, the 2D joint distribution probability with

precipitation $ 245.69mm/aorET{0}$ $ $959.20 mm/a in DMJB was approxi-

mately 0.60, while the probability with precipitation $245.69mm/aand ET{0}$

$ 959.20mm/awasabout0.20.T hejointreturnperiodandco—occurrencereturnperiodwere2andbyears, respectiv
dry—wet years.

Future research should expand to cover all Inner Mongolia grasslands, deduce
location-specific patterns through spatial variations, and analyze joint distribu-
tions of precipitation, ET,), and yield at different locations.
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